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The persistence of Porphyromonas gingivalis in the inflammatory environment of 
the periodontal pocket requires an ability to overcome oxidative stress. DNA damage is a 
major consequence of oxidative stress. Unlike other organisms, a non-base excision 
repair mechanism for the removal of 8-oxo-7,8-dihydroguanine (8-oxoG) in P. gingivalis 
was suggested. Because the uvrB gene is known to be important in nucleotide excision 
repair, the role of this gene in the repair of oxidative stress-induced DNA damage was 
investigated. A 3.1 kb fragment containing the uvrB gene was PCR-amplified from the 
chromosomal DNA of P. gingivalis W83. This gene was insertionally inactivated using 
the ermF-ermAM antibiotic cassette and used to create a uvrB-deficient mutant by allelic 
exchange. When plated on Brucella blood agar, the mutant strain, designated P. 
gingivalis FLL144, was similar in black-pigmentation and beta-hemolysis when 
compared to the parent strain. In addition, P. gingivalis FLL144 demonstrated no 
significant difference in growth rate, proteolytic activity or sensitivity to hydrogen 
peroxide when compared to the parent strain. However, in contrast to the wild-type, P. 
gingivalis FLL144 was significantly more sensitive to UV irradiation. The enzymatic 
removal of 8-oxoG from duplex DNA was unaffected by the inactivation of the uvrB 
gene. DNA affinity fractionation identified unique proteins that preferentially bound to 
xvii 
the oligonucleotide fragment carrying the 8-oxoG lesion. Analysis of these proteins 
indicates that a conserved hypothetical protein, PG1037, was of particular interest. This 
protein is encoded as a part of an operon which is flanked by two genes, namely, PG1036 
(uvrA) and PG1038 (prcA). The uvrA-pg1037-prcA operon in P. gingivalis is upregulated 
in the presence of H2O2.  A PCR-based linear transformation method was successfully 
used to inactivate the uvrA and prcA genes by allelic exchange mutagenesis. Similar to 
the wild-type when plated on Brucella blood agar, the isogenic mutants were black-
pigmented and beta-hemolytic. The mutants showed different generation time and levels 
of proteolytic activities compared to the wild-type strains. The uvrA- and prcA-defective 
mutants were more sensitive to H2O2 and were significantly more sensitive to UV 
irradiation than the parent strain. Additionally, glycosylase assays revealed that 8-oxoG 
repair activities were similar in both wild-type and mutant P. gingivalis strains. In 
protein-protein interaction studies we identified a protein complex associated with the 
removal of the 8-oxoG lesion. Collectively, these findings suggest that the uvrA-pg1037-
prcA operon plays an important role in peroxide resistance in P. gingivalis and that a 
complex may be required to remove the 8-oxoG lesion. Also, the repair of oxidative 
stress-induced DNA damage involving 8-oxoG occurs by a yet to be described 
mechanism. 
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CHAPTER ONE 
INTRODUCTION 
 
The Oral Cavity 
The oral cavity is a unique anatomical site in the body which is composed of 
multiple epithelial and mucosal surfaces, as well as calcified hard tissues. These tissues 
are constantly bathed by the saliva, a broth of glandular secretions in which the variable 
levels of microorganisms and food particles are suspended (45). Among the most 
extensively studied of the putative anaerobic bacterial pathogens that inhabit this 
environment is Porphyromonas gingivalis, a Gram negative, nonmotile short rod. The 
importance of Porphyromonas gingivalis as a causative agent in adult periodontitis is 
well documented (47,116). Periodontitis, also known as pyorrhea, is a chronic 
inflammatory disease of the gums and supporting tissues that result in tooth loss (116). It 
is usually caused by a delay in the treatment or untreated gingivitis. As a result, infection 
or inflammation can spread to the ligaments and structures that support the teeth 
(15,175). Typically, plaque accumulates at the base of the teeth and becomes trapped 
beneath the gum tissue causing pocketing and swelling of the soft tissues. Because plaque 
contains several bacterial species, inflammation develops that can spread from tooth to 
tooth. In many cases a tooth abscess may form causing an increase in bone destruction 
and resorption (116). In addition, advances in the understanding of biofilm structure have 
led to studies examining regulation of specific microbial adhesions (136) and how host 
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microenvironmental conditions influence the microarchitecture of the dental plaque 
biofilm (27). These studies validate that the microbial community associated with oral 
clinical health is not a random assortment of bacteria but rather represents a highly 
evolved consortium that has evolved to live with each other to occupy niches on the oral 
host environment (47). In this introduction, I will explore virulence factors and possible 
mechanisms this organism might use to combat oxidative stress in the harsh environment 
of the periodontal pocket. 
 
Anatomy of the Oral Cavity and Periodontal Diseases 
Periodontal disease is a complex multifactorial disorder involving Gram-negative 
anaerobic bacteria and host cell interactions, the combined effects of which lead to the 
destruction of tooth-supporting tissue. More specifically, periodontitis results from 
chronic inflammation of the gingiva and occurs by its spread into the deeper structures of 
the periodontium, leading to progressive destruction of periodontal tissues, including the 
alveolar bone (243) [see figure 1.1.]. Approximately 15% of the population is affected by 
severe forms of the disease, which, if untreated, may result in tooth loss and systemic 
complications. The progression of periodontitis is episodic, with active and inactive 
phases of tissue destruction, which reflects the opposing actions of bacterial challenges 
and host immune responses. The intimate interactions between periodontopathogens and 
host cells have become the subject of intensive investigations. Porphyromonas gingivalis 
is a Gram-negative black-pigmented strict anaerobic bacterium that has been implicated 
as a major etiologic agent in the development and progression of periodontitis, more 
particularly, the chronic form (116). P. gingivalis produces a broad array of potential 
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virulence factors involved in tissue colonization and destruction as well as in host defense 
perturbation (75,185). P. gingivalis is in close contact with the epithelium in periodontal 
pockets in vivo (162) and can invade various cell lines, including epithelial cells 
(23,115,195,198), endothelial cells (53,56), and fibroblasts (12).  
The gingival epithelium is a stratified squamous epithelium that is an interface 
between the external environment, which is exposed to bacterial challenges, and the 
underlying periodontal tissue. The basal layer of the gingival epithelium is separated 
from and attached to the connective tissue by the basement lamina. The gingival 
epithelium can be divided into oral, sulcular, and junctional epithelia, based on their 
architecture. The sulcular epithelium, which extends from the oral epithelium to the 
gingival sulcus facing the teeth, and the junctional epithelium, which mediates the 
attachment of teeth to gingiva, are not keratinized, in contrast to the oral gingival 
epithelium. The sulcular and the coronal margins of the junctional epithelium are in close 
contact with bacteria in the gingival sulcus and appear to be crucial sites with regard to 
the development of periodontal diseases. During periodontitis, loss of connective tissue 
attachment and bone resorption associated with the formation of periodontal pockets is 
related to the pathologic conversion of the junctional and the sulcular epithelium to a 
pocket epithelium (175). Invasion of mammalian epithelial cells is an important strategy 
developed by pathogenic bacteria to evade the host immune system and cause tissue 
damage. Gingival epithelial cells are the primary physical barrier to infections by 
periodontopathogens in vivo. While the epithelium was previously thought to be passive, 
Dale et al (46), proposed a new perspective, assigning an active role to the epithelium in  
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Figure 1.1. Stages of periodontal disease. 
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the host response to bacterial infections. The epithelium reacts to bacterial challenges by 
signaling host responses and integrating innate and acquired immune responses.  
 
Risk Factors of Periodontitis 
Smoking 
 During the past decade, many risk factors have been identified for the periodontal 
diseases (61,67). Smoking has been confirmed as a true risk factor for periodontitis. It has 
been well documented that smoking can cause a reduction or alteration in saliva 
production (30,108,163,211). Saliva has many antibacterial components which protects 
against periodontal disease and the over-growth of harmful bacteria in the oral cavity. 
Smoking can also reduce the immune system and antibody production in saliva which 
may result in periodontal disease (20,37,103,149,163,248). Furthermore, heavy smokers 
are two times more likely than light smokers for loss of attachment and bone support that 
anchor the teeth (78) and it has also been documented that generally, smokers are at an 
increased risk for tooth loss following periodontal therapy (39,134).  
 
Diabetes 
 Diabetes is also a true risk factor for periodontitis. Type 1 diabetes is caused by an 
absolute insulin deficiency resulting from destruction of pancreatic beta cells. In contrast, 
type 2 diabetes is caused by impaired insulin function and a relative insulin deficiency 
(137,173,230). Type 1 diabetes usually has its onset in childhood, while type 2 diabetes 
occurs in adulthood and is often associated with obesity. Diabetes has a variety of 
complications including retinopathy, nephropathy, neuropathy, vascular disease and 
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altered wound healing (240). It is clinically associated with increased susceptibility to 
infection and individuals with both types of diabetes are at increased risk for periodontal 
disease. Poor diabetic control in the presence of calculus is associated with an increased 
frequency of probing depths ≥4 mm (130). Furthermore, many longitudinal and cross-
sectional studies have documented an association between diabetes or poor diabetic 
control and attachment or periodontal bone loss (41,157,197,208). 
 
Genetics 
 Genetic factors have also been associated with periodontitis. Independent studies 
of twins in Minnesota and Virginia both reported that there is a significant genetic 
component in chronic periodontitis in adults (42,143,144). It has been estimated that 
between 38% and 82% of the population variance for gingivitis, probing depth and 
clinical attachment loss is due to genetic variation (144). Moreover, a mutation in the 
region of chromosome 11q14 that contains the cathepsin C gene for prepubertal 
periodontitis was  identified (84). Kornman et al reported that a specific interleukin 1 (IL-
1) genotype was associated with severe periodontitis (111). While Gore et al. were unable 
to confirm this association, they did find that a similar IL-1 genotype was more prevalent 
in adults with chronic periodontitis (72). In the Kornman et al study, the odds ratio 
(26,44) of having the specific IL-1 genotype in severe versus mild disease in nonsmokers 
was 6.8, but there was no association of this genotype and disease in smokers (111). This 
supports the theory that specific environmental factors can be such strong risk factors that 
they overwhelm any genetically determined susceptibility or resistance to disease. 
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Summary 
 Confirmed risk factors for periodontitis in adults include genetic influences, 
smoking, diabetes, race, P. gingivalis, low education and infrequent dental attendance. 
The presence of furcation involvement, tooth mobility and a parafunctional habit without 
the use of a biteguard are associated with a poorer periodontal prognosis following 
periodontal therapy. Several other specific factors including periodontal bacteria, 
herpesviruses, increased age, male sex, depression (61,68,150), race, traumatic occlusion 
and female osteoporosis (170) in the presence of high levels of dental calculus have been 
shown to be associated with loss of periodontal support in cross-sectional studies and can 
be considered to be risk indicators of periodontitis (193). Although all risk factors cannot 
be modified, it is now possible to identify people at risk for progressive periodontal 
disease and intervene to alter or modify some of their risks. 
 
Complications of Periodontitis 
For a long time, suggestions have been made about links between periodontal 
disease and local and systemic diseases. Studies of the relationship between periodontal 
disease and certain systemic disorders have shown a positive association (233).  
 
Respiratory Disorders and Periodontal Disease 
Recent studies suggest that the mouth may play an important role in infections 
acquired in hospitals and nursing homes, especially infections of the respiratory tract. 
Dental plaque, a complex biofilm, can serve as a reservoir of infection in hospital 
inpatients (200). In one study it was demonstrated that the teeth of patients in the 
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intensive care unit (ICU) become colonized by respiratory pathogens such as 
Pseudomonas aeruginosa, enteric species and Staphylococcus aureus (199). Similar 
studies have shown that the teeth of nursing home residents can also serve as reservoirs 
for respiratory infection (184). One ICU study demonstrated that only patients with oral 
colonization by a respiratory pathogen went on to experience pneumonia (201). In some 
hospitals, a large proportion of the cultivable oral microflora from ICU patients consists 
of pathogenic species such as S. aureus, P. aeruginosa and Klebsiella pneumoniae. 
Superinfection by these bacteria is probably due to exposure of the patients to antibiotics, 
which suppress the normal flora and allow pathogenic bacteria from the environment 
(e.g., the hospital) to flourish in the mouth. Studies have also demonstrated that daily 
mechanical oral hygiene with or without use of an oral antiseptic not only reduces the 
prevalence of colonization by oral pathogens but also reduces the rate of pneumonia by 
about 50% (199). Other studies have suggested an association between poor oral health 
(e.g., periodontal disease) and chronic obstructive pulmonary disease (COPD) (201,202). 
In particular, this association was observed on analysis of existing large databases such as 
the Veterans Administration Normative Aging Study and the National Health and 
Nutrition Examination Survey III (NHANES III), after controlling for confounding 
variables such as smoking, sex, age and socioeconomic status (202). It is well known that 
some patients with COPD suffer from periodic acute exacerbations or worsening of lung 
function. These exacerbations are due in part to infection, typically by bacteria, such as 
Streptococcus pneumoniae, Haemophilus influenzae and Branhamella catarrhalis, or 
rhinovirus (168). It is presumed that frequent exacerbations accelerate the decline in lung 
function and lead to disease progression. Perhaps aspiration of saliva into which oral 
9 
bacterial antigens, lipopolysaccharide and enzymes have been released promotes 
inflammation and infection of the lower airway. It is also possible that host-derived 
mediators such as cytokines and prostaglandins, which are elevated in the saliva of 
subjects with periodontal disease, promote lung inflammation and infection if aspirated 
into the lower airway. The possibility that bacteria in oral biofilms influence respiratory 
infection suggests that good oral hygiene may prevent the aspiration of large numbers of 
oral bacteria into the lower airway and thus prevent initiation or progression of 
respiratory infection in susceptible individuals. Further studies are required to verify the 
importance of oral conditions in the pathogenesis of lung diseases such as COPD. 
 
Cardiovascular Impact of Periodontal Disease 
Human periodontal disease and atherosclerosis both have complex causes and 
genetic and sex-related predispositions. It is now becoming clear that chronic 
inflammation and infection such as periodontitis may influence the atherosclerotic 
process (36,49,79). Severe, chronic periodontal disease provides a rich source of 
subgingival microbial and host–response products and may exert its effect over a long 
period. Chronic bacterial infections such as those caused by Chlamydia pneumoniae and 
dental infections have been suggested as risk factors for various atherosclerotic diseases. 
It has been reported that in patients with periodontal inflammation, Porphyromonas 
gingivalis may contribute to some acute thromboembolic events (104). Furthermore, P. 
gingivalis can multiply within and activate endothelial cells, thus providing mechanistic 
support between periodontitis and cardiovascular pathology such as atherosclerosis. 
Distant injury may derive from the effects of circulating oral microbial toxins or products 
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associated with bacteremia. Although the molecular mechanisms are still unclear, one 
possibility is that bacteria derived lipopolysaccharides trigger hyperreactive leukocyte 
responses to initiate the association, whereby both processes collaborate to promote 
cardiovascular pathology. It has been suggested that periodontal infection can induce 
changes in immune functions that result in metabolic dysregulation of serum lipid 
metabolism through proinflammatory cytokines. Thus, these locally produced 
proinflammatory cytokines (for example, interleukin 1β [IL-1 β] and tumour necrosis 
factor alpha) may exert systemic effects by predisposing the patient to a systemic 
disorder such as atherosclerosis (119). For prediabetic patients, it is not clear whether 
periodontitis causes an increase in hyperlipidemia or whether periodontitis and 
cardiovascular disease share hyperlipidemia as a common risk factor. Whatever 
mechanisms are involved, it is evident that periodontitis may affect the host’s 
susceptibility to systemic disease through subgingival biofilms acting as reservoirs of 
gram-negative bacteria and creating transient bacteremia, through release of microbial 
toxins and through a reservoir of inflammatory mediators. In parallel, all these factors are 
capable of predisposing the host to vascular changes or disorders.  
 
Preterm Delivery of Low-Birth-Weight Infants and Periodontal 
Disease 
The growing consensus that infection remote from the fetal–placental unit may 
influence preterm delivery of low birth-weight infants has led to an increased awareness 
of the potential role of chronic bacterial infections in the body (133). Periodontal diseases 
are associated with chronic gram negative infections, which result in local and systemic 
elevations of proinflammatory prostaglandins and cytokines (196,246). Furthermore, 
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there is ample evidence that periodontal bacteria frequently enter the circulation. Hence, 
maternal periodontal infection may influence preterm delivery through mechanisms 
involving inflammatory mediators or a direct bacterial assault on the amnion (50). 
 
Adherence of Porphyromonas gingivalis to Oral Tissues  
Adherence of a bacterium to its host or to other organisms resident in the host is 
an essential first step in colonization and pathogenicity. The invading bacterial species 
therefore must first breach the hosts’ external protective tissue barriers, then evade the 
constant action of cilia or the fluid movements of host cells, and find an appropriate 
ecological niche for colonization. Establishment of the bacterium within the host is an 
essential first step in colonization. While several bacterial species are protected from host 
defenses by their intracellular location, most of the bacteria living associated with a host 
protect themselves by producing virulence factors that permit them to compete with the 
commensal host microbiota by producing numerous antibacterial molecules (91). The 
ability of P. gingivalis to adhere to subgingival, buccal and crevicular epithelial cells, as 
well as to the surface of other bacteria, is thus a crucial step in its successful 
establishment within the oral cavity. The production of proteases (specific and 
generalized tissue destruction) (93), fimbriae (used for adhesion) (6,161,241), 
hemagglutinating factors, extracellular membrane vesicles, lipopolysaccharide (LPS) 
(159) and a polysaccharide capsule (anti-phagocytosis) (180) all appear to contribute to 
the interaction with and attachment of P. gingivalis to these subgingival tissues (80,247) 
and have been described as the major virulence factors of P. gingivalis.  
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Virulence Factors of Porphyromonas gingivalis 
Proteases 
 The proteases of P. gingivalis are the major virulence factors recorded to date 
(76). The major proteases called gingipains are both extracellular and cell associated (95). 
These proteases include, the arginine specific protease [Arg-gingipain, (Rgp)] and lysine-
specific protease [Lys-gingipain, (Kgp)] (34,102,179). There are two genes which code 
for Rgp (rgpA and rgpB) while Kgp is encoded by a single gene kgp (165,169). In 
addition to being essential for growth, proteases play a role in complement and 
immunoglobulin degradation, inactivation of cytokines and their receptors, platelet 
aggregation, attenuation of neutrophil antibacterial activities, increasing vascular 
permeability, as well as, prevention of blood clotting (94,95,234). Moreover, these P. 
gingivalis proteases are important in the normal physiological function of this organism. 
Proteases may also affect the expression of other virulence factors. Mutant strains of P. 
gingivalis rgpA and rgpB demonstrated reduced expression of fimbriae (155). Elsewhere, 
Tokuda et al. have also demonstrated that attachment to human epithelial cells and 
interaction with other gram-positive bacteria is significantly reduced in a protease 
deficient mutant (234). These studies pinpoint a role for proteases in fimbriae expression. 
More recently, several investigators have demonstrated a role for the proteases in 
hemoglobin binding and adsorption, cleavage and heme accumulation, further confirming 
their multiple effects on cellular function (48,118,210). 
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Fimbriae 
Porphyromonas gingivalis fimbriae have been shown to mediate adherence to 
other bacterial species, to oral epithelial cells and to salivary-pellicle-coated tooth 
surfaces; the carboxy-terminal region of the fimbrillin subunit of fimbriae appears to be 
responsible for binding to surface-bound salivary components. Fimbriae associated 
proteins may also be involved in adherence to epithelial cells. Fimbriae purified from 
various P. gingivalis strains differ in size, amino-terminal sequences and antigenicty (45). 
The role of fimbriae as a virulence factor in P. gingivalis is also well documented (6). 
The fimA gene encodes for fimbrillin, a subunit protein of fimbriae (55). Cloning and 
inactivation of this gene resulted in the decreased expression of fimbrillin with a 
consequent diminution in fimbriae adhesion to tissue-cultured human gingival fibroblasts 
and epithelial cells (161,241). This was the first direct evidence of a role for fimbriae in 
cell attachment and adhesion in P. gingivalis. Since these initial reports, other genetic, 
immunological and biochemical evidence has emerged to show the virulence potential of 
P. gingivalis fimbriae (5,8,14,98,113,236). Further, there is also evidence that suggests 
the involvement of P. gingivalis fimbriae in the development of atherosclerosis by the 
induction of the inflammatory mediators IL-8 and monocyte chemoattractant protein 
(MCT) (86,87,126). This is supported by other reports that have also shown that fimbriae 
can induce cell adhesion molecule expression in epithelial and endothelial cells. Because 
a relationship between P. gingivalis infections and atherosclerosis has been cited, studies 
on the role of fimbriae in virulence are under current investigation. 
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Lipopolysaccharides (LPS) 
 Lipopolysaccharide is a powerful stimulus of the immune response (17). There 
are two components of the LPS. The lipid A portion is responsible for the toxicity and the 
polysaccharide is involved in antigenicity. Similar to the proteases, P. gingivalis LPS has 
been extensively studied and its role in bone resorption and alveolar bone loss is well 
documented (90,159). Alveolar bone loss may be caused by the ability of LPS to 
stimulate osteoclastic activity and cause the release of potent activators of bone 
resorption (116). In other reports, it has been shown that P. gingivalis LPS can also 
modulate the immune response (17,152,159,180) and induce foam cell formation in 
murine macrophages (183), a hall mark of atherosclerosis. These data suggest that P. 
gingivalis LPS is an important virulence factor and plays a significant role in the 
progression of periodontitis and other systemic conditions, including atherosclerosis. 
 
Hemagglutinins 
 In P. gingivalis, hemagglutinins have been proposed to have adhesive properties 
allowing it to colonize oral tissue (31,151). Progulske-Fox et al (182) studied the role of 
hemagglutinins in the pathogenicity of P. gingivalis. Two distinct hemagglutinin-
encoding genes, hagA and hagB have been identified in P. gingivalis strain 381; the hagA 
gene has extensive sequence similarity with a gene encoding a P. gingivalis fibrinogen-
binding protein (182). A live attenuated vaccine strain of Salmonella typhimurium 
expressing the hagB gene of P. gingivalis has been shown recently to stimulate a mucosal 
and systemic immune response in mice after its introduction to the gut (58). It has been 
suggested that P. gingivalis hemagglutinin and various proteases, in particular gingipains, 
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are closely associated (182,205). It now appears that hemagglutinin and gingipain are 
probably separate molecules that associate closely in the outer membrane of P. gingivalis 
(176). Gingipain mutants of P. gingivalis strain 381 have also been shown to have 
reduced hemagglutination titers, suggesting that the major (but not sole) hemagglutinin of 
P. gingivalis may be adjacent to the gingipain-encoding gene (82). 
 
Capsule 
 Most strains of P. gingivalis have a capsule layer. Non-capsulated strains also 
exist. It has been documented that the capsule of P. gingivalis is correlated with its 
virulence (35). The polysaccharide capsule (PS) of P. gingivalis has been shown to 
reduce adherence to various host cells (166,225). Purified P. gingivalis PS material 
appears to be composed of two antigenically distinct carbohydrate-containing antigens 
(45,81); these may be the PS and LPS antigens. Both PS and LPS are believed to be 
involved in the resistance of P. gingivalis to phagocytosis by polymorphonuclear 
leukocytes. 
 
Coaggregation Factors 
 The ability of P. gingivalis to adhere to other bacteria within the oral cavity may 
also influence its establishment within the periodontal pocket. The co-aggregation of oral 
bacteria is a highly specific process that often involves the interaction of complementary 
bacterial surface molecules, which act as adhesins and receptors (140,141,194). 
Porphyromonas gingivalis outer-membrane vesicles have also been shown to promote 
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autoaggregation, as well as to mediate attachment of P. gingivalis to other bacterial 
species (131,237). 
 
Environmental Cues and Gene Expression in Porphyromonas 
gingivalis 
 Microorganisms typically adapt to environmental cues by turning on and off the 
expression of virulence genes which, in turn, allows for optimal growth and survival 
within different environmental niches. This adaptation strategy includes sensing and 
responding to changes in inflammation and fluid stasis, increased flow of gingival 
crevicular fluid, hypoxia, elevated pH, temperature, oxygen tension, redox potential, 
bleeding and osmolarity (62,138). For a bacterium to adhere to, penetrate, replicate in, 
and colonize host cells, it is critical that virulence genes are expressed during certain 
periods of the infection process. Thus, throughout the different stages of an infection, 
different sets of virulence factors are turned on and off in response to different 
environmental signals, allowing the bacterium to effectively adapt to its varying niche. 
 
Inflammation and Fluid Stasis 
 In the diseased periodontium, chronic inflammation is accompanied by reduced 
blood flow, and in tissues which appear hyperemic, there can be relative fluid stasis and 
hypoxia. This may have a number of consequences. For example, fibroblastic turnover of 
gingival and periodontal ligament collagen is higher than in any other collagenous tissue, 
with 20% of gingival collagen turnover occurring per day (22). This requires an adequate 
supply of ascorbic acid, an essential co-factor in the hydroxylation of prolyl and lysyl 
residues, a factor which also governs both the secretion and extracellular cross-linking of 
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collagen. There is conflicting evidence regarding the efficacy of ascorbic acid 
supplementation in resolution of gingivitis and periodontal lesions in patients other than 
those with vitamin C deficiency. Although there appears to be no appreciable loss of 
interstitial collagen, perivascular collagen is reduced. Repair of collagen fiber networks at 
inflammatory foci may be compromised by lack of ascorbate and other essential 
metabolites. There is evidence that neutrophil functions including phagocytosis may also 
be compromised by lack of ascorbate (70,207). 
 
Increased Flow of Gingival Crevicular Fluid 
 Since microbes are not believed to invade tissues during gingivitis, the changes 
occurring to the connective tissues are thought to be mediated by noxious microbial 
products. These are thought to include hyaluronidase, chondroitinase, proteases, LPS, 
peptidoglycan, and toxic metabolic by-products which infiltrate the epithelium. These 
disrupt epithelium and underlying connective tissues, increasing vascular permeability 
and allowing for a greater infiltration of noxious materials. The resulting inflammation 
and increased fluid flow into the gingival sulcus promotes further accumulation of a wide 
range of bacteria by providing both nutrients and a suitable physical environment, 
creating a positive feedback cycle (120,128,228). 
 
Hypoxia 
 Mettraux et al (139) have shown that the oxygen tension (pO2) in moderate (5-6 
mm) and deep (7-10 mm) periodontal pockets (range, 5-27 mm Hg) is significantly lower 
than even venous pO2 (20-40 mm Hg). Although neutrophils can phagocytose in an 
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anaerobic environment, hypoxia can inhibit, but not abolish, antimicrobial activity (109). 
In the hypoxic periodontal pocket environment and inflamed gingival tissues, oxygen-
dependent killing mechanisms may be impaired, since O2 consumption is necessary for 
the generation of toxic reactive oxidant species. 
 
Elevated pH 
The pH changes from neutrality in the healthy gingival crevice to above pH 8.0 in 
inflamed or diseased periodontal pockets (59). Stable growth of P. gingivalis is 
established in the range of pH 6.7 to 8.3 and with optimal (132) growth appearing to 
occur at pH 7.5. One factor contributing to the growth stability of P. gingivalis in this pH 
range may be the expression of the sod gene. Lynch and Kuramitsu (1999) (125) have 
reported that in addition to oxidative stress and temperature, sod expression is also 
influenced by pH. Compared with acidic conditions (pH 6.0), sod expression increases 
significantly at neutral (pH 7.0) or slightly alkaline (pH 8.0) conditions (125). Trypsin-
like activity has also been observed to increase with elevating pH, with maximal activity 
at pH 8.0. Similarly, chymotrypsinlike activity was demonstrated to be maximized 
between pH 6.7 and pH 8.3 (132). The ratio of trypsin-like activity to collagenolytic 
activity at neutrality is 1:1, but rises to 7:1 at pH 8.3, suggesting that during initial stages 
of infection, P. gingivalis responds to the environmental pH changes by producing 
enzymes with maximal host tissue damage potential (132). It has now become evident 
that the majority of trypsin-like activity produced by P. gingivalis is due to the 
production of the arginine- and lysine-specific cysteine proteinases encoded by 
gingipains R and gingipain K respectively (118). The increased activity of the P. 
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gingivalis gingipains may serve to inactivate the host immune system components such 
as complement and immunoglobulins. 
 
Temperature 
Like other pathogenic microorganisms, an important homeostatic mechanism that 
P. gingivalis mounts when exposed to elevated temperature is a heat shock response 
(73,122,238). Heat shock proteins (HSP) function as molecular chaperons and are 
involved in protein folding and oligomerization of structural proteins (69), DNA 
replication (249), and protein degradation (219). GroEL (HSP60 family) and DnaK 
(HSP70 family) homologs have been described in P. gingivalis (122). In addition to the 
response to temperature changes, Vayssier et al (238) have also reported that GroEL is 
induced by increase in oxygen tension and by acidic pH. Amano et al (9) have reported 
on a heat shock inducible 55 kDa protein which may be related to HSP60. Further studies 
are needed to clarify the exact types and numbers of HSP synthesized by P. gingivalis in 
response to an upward shift in temperature and to determine the function of these HSP 
and their involvement in pathogenicity. Amano et al (9) have also reported on the 
differential expression of P. gingivalis fimbrillin and superoxide dismutase. These 
authors found an 86% decrease in fimbrillin expression and a three-fold increase in SOD 
activity in response to a shift in growth temperature from 37°C to 39°C. In contrast, in a 
separate study, P. gingivalis was observed to exhibit an 11-fold increase in the fimbrillin 
(fimA) promoter activity when the growth temperature was shifted from 37°C to 34°C 
(244). Although the precise biological function of temperature regulated fimbrillin 
expression and SOD activity is not clear, it is suggested that down regulation of fimbrillin 
20 
expression may help to evade the host immune system and that elevated SOD activity 
may enable P. gingivalis to survive in environments containing high levels of superoxide 
produced from neutrophils (9). 
 
Bleeding 
Spontaneous bleeding of the gingiva and bleeding on probing are indicative of 
inflammation and are among the criteria used to diagnose chronic gingivitis and chronic 
periodontitis. Blood represents a rich nutrient source to a wide range of microorganisms, 
and changes in its composition have been linked with alterations in microflora (212). 
Little is known regarding the effects of these hormones on pathogenicity, although the 
dependence on the iron porphyrin hemin, which is essential for the growth of P. 
gingivalis, has been studied in more detail. The likely source of hemin is via hemolysis 
and the proteolytic destruction of hemoglobin (107) or the hemin-carrying proteins 
albumin, haptoglobin, andhemopexin (38). Although hemin-limitation in vitro attenuates 
the virulence of P. gingivalis cells (135), the organism responds aggressively by 
increasing export of soluble and extracellular vesicle associated protease of greater 
specific activity (215). This adaptive strategy may disrupt extracellular connective tissue 
matrix and vascular tissue, generating nutrient peptides and liberating erythrocytes. 
Moreover, hemin limitation also induces de novo expression of hemin-binding outer 
membrane proteins, which may compensate for low environmental levels of hemin (220). 
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Depressed Redox Potential 
The redox potential (Eh) of periodontal pockets is generally lower than in healthy 
sulci or at gingivitis sites (181). This is attributable to generation of reducing agents 
through microbial metabolism. The activity of many P. gingivalis proteases is greatly 
enhanced by thiol-reducing agents. The specific activity of vesicle-associated and soluble 
thiol dependent proteases rapidly declines under a reducing environment. Their longevity 
is markedly increased, however, when maintained under non-reducing conditions (213) 
but can be stimulated upon the addition of reducing agent. This is a significant finding in 
that these extracellular proteases could contribute to bursts of disease activity in 
periodontal pockets or in invaded tissues by becoming aggressively active should local Eh 
decline. Perhaps more importantly, these activities may occur at a distance from, and in 
the absence of, viable cells. More recent work has shown that both the affinity and 
capacity of hemin-binding by cells of P. gingivalis is greatly increased under reducing 
conditions in vivo (65,214). This is likely to enhance cellular protease and potentiate the 
virulence of P. gingivalis at periodontitis sites which are at a low redox potential. 
 
Oxidative Stress 
Oxidative stress is defined as the disturbance in the prooxidant-antioxidant 
balance in favor of prooxidants (209). Oxidative stress has been the focus of much 
attention for its role in heart disease, aging, cancer and inflammation. P. gingivalis 
induces an inflammatory response in adult periodontitis (203,206). Consequently, 
constant exposure of this organism to a highly oxidatively stressed environment requires 
an ability to surmount oxidative stress. Several reports indicate that many organisms have 
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developed varied and complex strategies to combat oxidative stress within their host 
environment (145). The use of antioxidant and DNA repair enzymes, in tandem or 
independently, serve to protect an organism against oxidative stress (235).  In anaerobes 
including P. gingivalis, resistance to oxidative stress and consequent DNA damage is 
undoubtedly important for its continued survival in the microenvironment of the 
periodontal pocket. Currently, little is known about the mechanism(s) of oxidative stress 
in P. gingivalis, but there is emerging evidence which demonstrates a role for antioxidant 
enzymes in oxidative stress resistance in this organism. 
 
Mechanism of Oxidative Stress Resistance in P. gingivalis  
The role of several P. gingivalis antioxidant enzymes in oxidative stress is well 
documented. There have been recent reports that these antioxidant enzymes such as 
AhpCF (Alkyl hydroperoxide reductase) (16,192), Rbr (Rubrerythrin) (124) and SOD 
(Superoxide dismutase) (125,154), play a similar and significant role in oxidative stress 
and virulence in P. gingivalis. SOD demonstrated a role of aerotolerance in P. gingivalis, 
in contrast to Rbr and AhpC, which function in the detoxification of hydrogen peroxide 
(226). Additionally, DNA binding proteins (Dps) are also likely to confer resistance to 
peroxide damage during periods of oxidative stress and long term nutrient limitation. 
Collectively, these data would seem to suggest that P. gingivalis, like many organisms, 
possess multiple enzyme systems to surmount the challenge of different forms of 
oxidative stress. In addition to the antioxidant enzymes as a mechanism of oxidative 
stress protection, the hemin layer of P. gingivalis has emerged as a unique mechanism to 
protect against reactive oxygen species (ROS) (216,217). The hemin layer is responsible 
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for the black-pigmentation in P. gingivalis (204). Reports by Smalley et al not only 
suggest that the hemin layer may act as a physical barrier to ROS, but also the binding of 
iron protoporphyrin IX, in the mu-oxo dimeric form on the cell surface of P. gingivalis, 
may act as an oxidative buffer and possible pathogenic mechanism (216).  These data 
point toward a unique mechanism of oxidative stress resistance in P. gingivalis. 
 
Alkyl Hydroperoxide Reductase (AhpCF) 
In facultative and aerobic bacteria, the role in protecting cells against organic 
peroxides is exerted in part by the peroxide-scavenging enzyme Ahp, which consists of 
two components, a small 22,000-Da protein (AhpC) with peroxidase activity and a larger 
57,000-Da flavoprotein (AhpF) (99,222). These two proteins act together; AhpF uses 
NADH or NADPH as electron donor to AhpC, which reduces physiological lipid 
peroxides such as linoleic acid hydroperoxide and thymine hydroperoxide and 
nonphysiological alkyl hydroperoxides to their respective nontoxic alcohol forms (99). 
Examples of AhpF-C are found in many bacterial species (158,178). Alkyl hydroperoxide 
reductases (AhpF-C) belong to the peroxiredoxin oxidoreductase family. Apart from 
catalyzing the reduction of oxygen by NADH to form H2O2, they show extremely high 
peroxide reductase activity for H2O2 and alkyl hydroperoxides in the presence of the 
small disulfide redox protein AhpC (160). P. gingivalis appears to possess an alkyl 
hydroperoxide reductase system, formed by AhpF and AhpC, which could contribute to 
H2O2 detoxification. The sequence alignment of AhpF of P. gingivalis and that of 
Amphibacillus xylanus (gene bank accession number Q06369) shows a high degree of 
homology between these two proteins. Therefore, it is likely that the well-characterized 
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AhpF from this microorganism (158) and the AhpF from P. gingivalis function in a 
similar manner. Further characterization of this enzymic activity in P. gingivalis would, 
however, be necessary. In this respect, it is worth noting that preliminary results indicated 
that ahpF-C mutants of P. gingivalis, showed a 25% reduction in NADH oxidase activity 
compared to the wild type. On the other hand, Johnson et al (100), confirmed that the 
ahpC gene plays a role in peroxidase resistance in P. gingivalis but did not contribute 
significantly to virulence. Further characterization of the relationship between the ahpC 
and the other putative genes in P. gingivalis, should give valuable insight into the 
possible mechanisms(s) for oxidative stress resistance in anaerobes.  
 
Rubrerythrin (Rbr) 
Aerobic organisms typically deal with hyperoxic stress using two principal 
enzymes, superoxide dismutase (SOD) and catalase, which catalyse disproportionation of 
superoxide and hydrogen peroxide respectively. Evidence is accumulating for an 
alternative oxidative stress protection mechanism in anaerobic bacteria and archaea, 
involving reduction rather than disproportionation of superoxide or hydrogen peroxide 
(125). One component implicated in this alternative mechanism is the non-heme iron 
protein, rubrerythrin (Rbr). Rbr contains an oxo-bridged diiron site and a rubredoxin-like 
[Fe(SCys)4] site within separate domains of a single subunit (52). The diiron site is 
similar to those in a class of enzymes that activate dioxygen (123,218). However, no in 
vivo substrate for Rbr has been conclusively identified. In vitro, the fully reduced (all-
ferrous) form of Desulfovibrio vulgaris Rbr reduces hydrogen peroxide much more 
rapidly than dioxygen, and purified Rbrs can serve as the terminal component of an 
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NADH peroxidase by catalysing two-electron reduction of hydrogen peroxide (43). Little 
or no SOD or catalase activities have been reported for three different purified Rbrs using 
standard assays (43,174). Desulfovibrio vulgaris Rbr, when overexpressed in an E. coli 
sodA sodB strain, failed to restore an aerobic growth phenotype, indicating that this Rbr 
does not protect against intracellular superoxide (124). On the other hand, Clostridium 
perfringens Rbr, when overexpressed in the same E. coli sodA sodB strain, was reported 
to restore a limited degree of aerobic growth (117). Based on such evidence and on the 
detection of an rbr homologue in the genome sequence, Rbr was suggested as a possible 
peroxide stress-protective protein in P. gingivalis (187). This Gram-negative obligately 
anaerobic bacterium is a well known periodontal pathogen, and must therefore combat 
oxidative stress, not only from adventitious exposure to air, but also during neutrophil 
infiltration and oxidative burst or gum bleeding in advanced periodontitis (116).  
Since the strain that lacks the gene for rubrerythrin (rbr) is more dioxygen 
sensitive and hydrogen peroxide sensitive than the wild-type strain and shows growth 
inhibition in liquid cultures when exposed to oxidants, it has been proposed that Rbr 
protects P. gingivalis against aerobic stress by functioning as a cytoplasmic peroxidase 
that reduces hydrogen peroxide to water (220). Rbr appears to be involved in protection 
against oxidative stress in several anaerobic bacteria and archaebacteria, most likely 
functioning as the terminal component of an NAD(P)H peroxidase (43,124,242).  
 
Superoxide Dismutase (SOD) 
Although oxygen is beneficially used by many organisms in respiration and other 
functions, oxygen is basically toxic and mutagenic because of its reactive derivatives 
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(64). Most living organisms, therefore, have acquired defense systems to protect 
themselves against reactive oxygen species. Two cellular systems have been developed 
for protection against oxidative stress (223). One system, which includes superoxide 
dismutase (SOD), catalase, peroxidase, and oxidase, can diminish or eliminate in cells 
molecular oxygen and the consecutive univalent reductants of oxygen. The other system, 
including DNA repair enzymes, such as Escherichia coli exonuclease III and 
endonuclease IV, repairs the oxidative damage to cell components. These two systems 
cooperatively function to minimize the detrimental effects of reactive oxygen species 
upon cells, as evidenced by the presence of common regulatory systems that control the 
expression of certain genes of the two systems (223). 
 SOD is one of the major factors in the defense systems; it catalyzes the 
disproportion of superoxide arising from the univalent reduction of oxygen (64). There 
have been numerous reports showing that SOD plays a significant role in protection 
against oxidative stress (85). Porphyromonas gingivalis, possesses a particular SOD, 
which is basically an Fe-SOD, according to its amino acid sequence, but which is 
activated by either Fe or Mn (10,11,153). A survey of SOD in obligately anaerobic 
bacteria has revealed that its activity seems to be correlated with the aerotolerance of the 
bacteria (89,229). In one study by Nakayama et al (154), an SOD-deficient P. gingivalis 
mutant was constructed. The SOD-deficient mutant strain showed a rapid viability loss 
immediately after exposure to air, whereas the parent strain survived, with no decrease in 
cell viability indicating that the presence of SOD in this organism is essential for survival 
under aerobic conditions. 
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DNA Binding Proteins (Dps) 
 The Dps families of proteins are a diverse group of bacterial stress-inducible 
polypeptides that bind DNA and likely confer resistance to peroxide damage during 
periods of oxidative stress and long term nutrient limitation (171,172). The Dps 
homologues are widely conserved among the prokaryotes and may suggest an important 
role for this protein in oxidative stress. Studies of this protein in E. coli have shown that 
Dps protects bacterial cells from oxidative stress by binding non-specifically to DNA 
(2,4). It has been demonstrated that the Dps (DNA binding protein from starved cells) 
protein in E. coli plays an important role in the protection of cells from peroxide stress 
(2,4). This protein is produced primarily in the stationary phase cells, and its expression 
is regulated by σ38, σ 70, and OxyR. Structurally, the Dps protein forms a ferritin-like 
spherical oligomeric structure. In addition, the Dps monomer displays essentially the 
same protein fold (four-helix bundle) as the ferritin monomer (83). It is of special 
importance that E. coli Dps exhibits DNA- and iron-binding activities by which the cells 
probably gain the resistance to oxidative stresses. Studies have demonstrated that a 
diverse group of Dps homologues are found in various prokaryotes, including 
Synechococcus sp., Bacillus subtilis, Listeria innocua, Streptococcus mutans, and 
Bacteroides fragilis (32,172,192,245), and are related to the ferritin-bacterioferritin-
rubrerythrin superfamily (13,74). Ueshima et al (235), demonstrated  the presence of a 
Dps homologue in P. gingivalis. They constructed the Dps-deficient mutants to analyze 
the function of this protein in the organism. Similar to B. fragilis, the P. gingivalis dps 
homologue was regulated in an OxyR dependent manner and was upregulated under 
peroxide challenge. The results clearly indicated that the Dps protein is implicated in the 
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protection of the organism from peroxide stress, thereby contributing to its survival in 
periodontal pockets and host cells. 
 
Hemin Layer 
  P. gingivalis has an obligate iron requirement for growth. However, it appears to 
lack a siderophore system (33) and utilizes hemin (iron protoporphyrin IX) to satisfy this 
iron requirement (21,33,90,217). A number of hemin-containing compounds, such as 
hemoglobin, haptoglobin, myoglobin, hemopexin, methemoglobin, oxyhemoglobin, 
albumin, lactoperoxidase, catalase, and cytochrome c, can provide hemin following 
proteolytic processing (21,33,66,217). Specific interactions between the protoporphyrin 
IX ring and outer membrane proteins appear to initiate the uptake process and hemin that 
is bound to the surface of P. gingivalis, is also known to augment oxidative stress 
resistance (216,217). In addition, gingipains are involved in hemin/iron acquisition, 
regulation and utilization, proteolytic activity and oxidative stress (1,167,220). Genco et 
al (220), have demonstrated that the gingipains of P. gingivalis can cleave heme 
containing proteins to facilitate its growth and serve as protection against oxidative stress. 
P. gingivalis may also be capable of storing hemin on its cell surface as observed by the 
characteristic black pigmentation that is utilized in cases of hemin deprivation (187,204). 
Studies by Smalley et al (217) suggested that binding of iron protoporphyrin IX in the 
mu-oxo dimeric form on the cell surface of P. gingivalis may act as an oxidative  buffer 
and possible pathogenic mechanism. Further studies have shown that this form of iron 
from hemin endows P. gingivalis with protection against hydrogen peroxide. Hemin not 
only is vital for growth but also regulates various virulence-associated activities of P. 
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gingivalis. Furthermore, membrane-bound hemin can scavenge oxygen to help maintain 
an anaerobic environment (217). 
 
Regulators of Oxidative Stress 
In aerobes and facultative anaerobic bacteria, the expression of antioxidant-related 
genes is usually regulated by transcriptional modulators that sense oxidative-stress-
generating agents (177,221,224). The SoxR/SoxS and the OxyR systems are examples of 
these regulators that respond, respectively, to superoxide-generating compounds and 
H2O2. OxyR is a redox-sensitive protein in the LysR family of DNA-binding 
transcriptional modulators (221). 
When exposed to oxidative stresses, E. coli induces one or both of two regulatory 
systems, the OxyR and SoxRS regulons (221,224). Expression of OxyR-regulated genes 
(OxyR regulons) is induced by the transcription factor OxyR, activated by peroxides such 
as hydrogen peroxide through formation of a sulfenic acid at the cysteine residue C-199 
of OxyR or an intramolecular disulfide bond between two cysteine recidues (C-199 and 
C-208) of OxyR. katG, ahpCF, dps (a nonspecific DNAbinding protein), gorA 
(glutathione reductase), grxA (glutaredoxin I) and fur (ferric uptake regulator) are 
included in the OxyR regulons. When superoxide is generated in the cells, SoxRS-
regulated genes (SoxRS regulons) are induced. The SoxR transcription factor activates 
the expression of soxS in response to exposure to superoxide-generating agents and to 
nitric oxide. SoxS proteins positively control several genes, including sodA, zwf (glucose-
6-phosphate dehydrogenase), fpr (NADPH : flavodoxin oxidoreductase), fldA (flavodoxin 
I), fumC (fumarase C), acnA (aconitase), nfo (endonuclease IV) and micF (a regulatory 
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RNA). An OxyR homologue has also been identified in the aerotolerant anaerobe 
Bacteroides fragilis (54). The OxyR regulon of B. fragilis includes katB (catalase), 
ahpFC, dps, tpx (thioredoxin peroxidase), rbpA (RNA binding protein), ftnA (ferritin), 
and rbr (rubrerythrin) (88,191). In B. fragilis, several OxyR-regulated genes are induced 
not only after H2O2 addition, as occurs in E. coli, but also after exposure to air. However, 
oxyR is necessary only for resistance to H2O2; its inactivation does not affect the 
aerotolerance of B. fragilis, perhaps because of compensatory mechanisms that are not 
OxyR dependent (190). 
Several studies have shown that P. gingivalis possesses alternate antioxidant 
defenses. These include superoxide dismutase, which appears to be protective against 
atmospheric oxygen (125), as well as rubrerythrin, Dps, and AhpFC, all of which have 
been demonstrated to be protective against exogenously added H2O2 (100,226,235). 
Furthermore, an oxyR homologue has been identified in the P. gingivalis genome 
sequence (156). P. gingivalis possesses the sod gene encoding Fe/Mn-containing SOD, 
which contributes to the relatively high aerotolerance of this organism (10,153,154). 
However, other genes for oxidative stress defence and regulation of their expression in 
this organism have been poorly characterized. Inspection of the P. gingivalis genome 
yielded several genes putatively involved in oxidative stress defence, including genes 
homologous to bcp, tpx and oxyR. It also revealed that there were no genes homologous 
to soxR or soxS in P. gingivalis genomic DNA (156).  
In one study, oxidative stress responses of P. gingivalis regulated by the OxyR 
transcriptional regulator was investigated and it was found that sod gene expression in 
this bacterium was under OxyR control [reviewed in (164)]. This was in contrast to the 
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observation that SoxRS, not OxyR, regulates sodA in E. coli. Additionally, the role of 
oxyR in the P. gingivalis response to H2O2 was evaluated.  Diaz et al (54) concluded that 
OxyR-controlled genes were not inducible after H2O2 treatment.  However, their 
expression during anaerobic growth required the presence of a functional OxyR 
[reviewed in (54)]. It is clear that in P. gingivalis oxyR is important not only for 
resistance to H2O2 but also for the aerotolerance of the microorganism. 
Another transcriptional response to oxidative stress employs the use of the RprY 
response regulator. Response regulators can activate and/or repress transcription of their 
target genes. When the P. gingivalis genome was surveyed the open reading frame (ORF) 
of PG1089 encodes a 28 kDa protein with 61% identity and 74% similarity to a 
previously identified response regulator, RprY, from Bacteroides fragilis (186). In P. 
gingivalis, several strategies were used to identify promoter targets of RprY with the goal 
of building a comprehensive picture of biological function that would aid the 
identification of a partner sensor histidine kinase (HK), and provide information on the 
environmental conditions that activate RprY [reviewed in (57)]. The data suggests two 
potential and possibly related roles, first in the regulation of transporters including the 
primary sodium pump, Na+-translocating NADH: ubiquinone oxidoreductase (NQR), and 
second, direct and indirect interaction with functions that may be associated with 
oxidative stress.  
In P. gingivalis, reactive oxygen species are converted to peroxide by superoxide 
dismutase. The organism does not possess catalase, therefore peroxide is detoxified to 
water by alkyl hydroperoxidase (AhpCF). Thioredoxin (PG0616), however, was 
identified which is immediately upstream from ahpCF (PG0618 and PG0619). The ORF 
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annotated as PG0617 has been identified as the promoter of ahpCF (164). It was 
demonstrated that RprY could bind to this promoter sequence establishing a direct link 
between RprY and the oxidative stress response. Interestingly, ahpCF expression is 
activated by OxyR (164) and these results raise the possibility of more complex 
modulation of this activity. 
 
DNA Damage: A Consequence of Oxidative Stress 
Although oxidative stress, mediated by ROS, can have deleterious effects on the 
many cellular components, including proteins and lipids, damage to DNA is probably the 
single most devastating effect on an organism (96,97). DNA damage induces 
mutagenesis that can be lethal or non-lethal to an organism and thus, mutation prevention 
or avoidance is of utmost priority. Additionally, there is a wide spectrum of oxidative 
DNA lesions generated as a result of oxidative stress and conversely, a wide array of 
DNA repair mechanisms to remove and repair these lesions.  
Lesions in DNA can cause deletions, mutations and other lethal genetic effects. 
Characterization of this DNA damage has indicated that both the sugar and the base 
moieties are susceptible to oxidation, causing base degradation, single strand breakage, 
and cross-linking to proteins (97). Degradation of the base produces numerous products 
including hydroxymethyl urea, urea, thymine glycol, thymine and adenine ring-opened 
and -saturated products and 8-hydroxyguanine. 
One of the most common DNA legions is pyrimidine dimer formation which is 
caused by ultraviolet radiation (63). These lesions may be corrected by the action of a 
photo-lyase, but in most cases correction occurs via excision or resynthesis. Nucleic acids 
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are susceptible to numerous modifications by a wide variety of chemical agents. For 
example, several types of hyper-active oxygen radicals are generated as byproducts 
during normal oxidative metabolism and also by ionizing radiation (X-rays, gamma rays). 
Frequently DNA bases are modified by the addition of methyl (methylation) or other 
alkyl groups (alkylation) (114,147). It has been shown that S-adenosylmethionine, the 
normal biological methyl group donor, reacts accidentally with DNA to produce 
alkylated bases like, 3-methyladenine, at an accelerated rate (24,51,188).  
Another major source of potential alterations in DNA is the generation of 
mismatches, small insertions or deletions during DNA replication.  Although DNA 
polymerases are moderately accurate, and most of their mistakes are immediately 
corrected by polymerase-associated proofreading exonucleases, the replication machinery 
is not perfect. As a result, efficient repair mechanisms have been developed by organisms 
to correct most of these problems. DNA topoisomerases generate covalent links between 
themselves and their DNA substrates during the course of their enzymatic action. Usually 
these crosslinks are transient and are reversed as the topoisomerase action is completed. 
Occasionally reversal is interrupted, and a stable topoisomerase-DNA bond is 
established.  
Bifunctional alkylating agents and radiation can also create crosslinks between 
DNA and protein molecules. Inevitably, all of these lesions must be repaired if the 
integrity of the DNA is to be maintained. Most notably, the highly mutagenic guanine 
residue 7,8-dihydro-8-oxoguanine (Figure 1.2.) which is by far the most common DNA 
lesion formed as a result of oxidative stress (105,106). It is formed by oxidation, yielding 
a guanine with an extra oxygen at the C8 position. 8-oxoguanine is formed in DNA by  
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Figure 1.2. Reaction of hydroxyl radicals (HO•) with guanine residues of 
DNA to form the molecular lesion 7-8,dihydro-8-oxoguanine (8-oxoG) 
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multiple pathways, including intracellular metabolism, oxidative stress, ionizing radiation 
or tobacco smoke and is mutagenic due to its miscoding nature. It mispairs with A, and 
therefore produces primarily GC-TA transversion mutations (77).  
The importance of 8-oxoG is illustrated by the fact that cells have developed at 
least three lines of defense in order to protect themselves from this lesion.  
 
DNA Repair Mechanisms 
DNA damage can be repaired by several mechanisms. These mechanisms include 
base excision repair (BER), nucleotide excision repair (NER), methyl mismatch repair 
(MMR) and direct reversal of damage. 
 
Direct Reversal of Damage 
Although it might seem that direct reversal of damage would be the simplest way 
to correct DNA damage, in most cases the reverse reaction is not possible for 
thermodynamic or kinetic reasons.  In a few cases, the reaction is reversible, and in some 
of these cases mechanisms have been developed to take advantage of that reversibility 
(3). One example of direct reversal is photoreactivation. Cyclobutane pyrimidine dimer 
photolyase (CPD photolyase), contains two chromophores responsible for absorbing light 
energy. In all such photolyases, one of the chromophores is FADH-, and the other is 
either methenyl-tetrahydrofolate (MTHF) or 8-hydroxy-5-deazaflavin (8-HDF). MTHF 
and 8-HDF act as primary light gatherers transferring their energy to FADH-. The energy 
from FADH- is then used to split the dimer. 
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Another example of direct damage reversal is repair of O6-alkyl guanine by 
transfer of the methyl group from the DNA to a cysteine in a protein, an O6-alkylguanine-
DNA alkyltransferase. Homologues of this protein are present in all living organisms. 
Unfortunately, once the alkyl group has been transferred to the enzyme, the protein is 
permanently inactivated. Additional repair requires the synthesis of new protein 
molecules. To help accomplish this, in E. coli and perhaps in other organisms, the 
alkylated version of the protein induces increased transcription of the gene encoding the 
protein. 
A final example of direct damage reversal is the sealing of a subset of nicks in 
DNA by DNA ligases. Of course, DNA ligases can only seal nicks having 5'-phosphates 
and 3'-hydroxyls. Nicks with other configurations, or nicks accompanied by additional 
backbone or base damage, require more complicated processing prior to repair and would 
not be classified as direct damage reversal mechanisms. 
 
Methyl Directed Mismatch Repair 
The mechanism of mismatch repair has been studied most thoroughly in E. coli 
(18,19,129). The research groups of Modrich, Kolodner and others have re-constituted 
the repair process from purified proteins. The proteins that initiate the repair process are 
MutS, MutL, and MutH. Most mismatches are due to replication errors. However, 
mismatches can also be produced by other mechanisms such as deamination of 5-methyl 
cytosine to produce thymidine improperly paired to G. Regardless of the mechanism by 
which mismatches are produced; mismatches can always be repaired by the mismatch 
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repair pathway. In cases where the appropriate DNA N-glycosylase is available, 
mismatches can also be repaired by the base excision repair pathway. 
E. coli DNA is normally methylated at GATC sequences, but the newly 
synthesized strand is not immediately methylated. The fact that the old strand, but not the 
new, is methylated near the replication fork allows E. coli cells to distinguish the old 
(presumably correct) strand from the newly-synthesized (presumably incorrect) strand. 
Briefly, MutS recognizes and binds distorted double helix mismatches. Subsequent 
binding of MutL stabilizes the complex. The MutS-MutL complex activates MutH, which 
locates a nearby methyl group and nicks the newly synthesized strand opposite the 
methyl group. Excision is accomplished by cooperation between the UvrD (Helicase II) 
protein, which unwinds from the nick in the direction of the mismatch, and a single-
strand specific exonuclease of appropriate polarity (one of several in E. coli), followed by 
resynthesis (Polymerase III) and ligation (DNA ligase) [figure 1.3.]. A Survey of the P. 
gingivalis genome (http://www.oralgen.lanl.gov/) (156) reveals three sequence 
homologues for the mutS gene, one sequence homologue for the mutL gene but none for 
the mutH gene. Even though a sequence homologue for mutH was not found, there is still 
a possibility that a functional homologue of the E. coli MutH may be present in P. 
gingivalis. 
 
Base Excision Repair (BER) 
The pathway most commonly employed to remove incorrect bases (like uracil) or 
damaged bases (like 3-methyladenine) is called base excision repair (BER). Specificity of 
the various pathways is conferred by the different types of DNA N-glycoslyases. The  
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Figure 1.3. Model of mismatch repair by the E. coli MutHLS system [Adapted from 
R. Kolodner, 1996, Genes and Develop. 10:1433] 
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three major steps involved in BER include, (1) removal of the incorrect base by an 
appropriate DNA N-glycosylase to create an AP site, (2) nicking of the damaged DNA 
strand by AP endonuclease upstream of the AP site, thus creating, a 3'-OH terminus 
adjacent to the AP site and (3) extension of the 3'-OH terminus by a DNA polymerase, 
accompanied by excision of the AP site and sealing of the gap by DNA ligase.  
Studies with E. coli have shown that three different repair activities, MutM/Fpg 
(28,231), MutY (28,231) and MutT (127) cooperate to prevent mutations from being 
formed at 8-oxoG lesions (142,227,232). Formamidopyrimidine DNA glycosylase (Fpg) 
removes 8-oxoG, as well as, formamidopyrimidines from DNA.  
MutM and MutY are glycosylases that act on oxidized guanine residues in DNA. 
In the absence of both MutY and MutM, an increase in the frequency of CG to AT 
mutations is observed, whereas a much lower frequency is detected in cells lacking either 
MutM or MutY (60,92). Genetic experiments have shown that the overproduction of 
mutM suppresses the mutability of the mutY mutant, indicating that mutM acts before 
mutY (25).  Also, the mutT gene encodes a nucleoside triphosphate that preferentially 
hydrolyses 8-oxodGTP and 8-oxoGTP, thereby preventing incorporation of the oxidized 
base into DNA and RNA.  
Typical removal of 8-oxoG takes place in a fairly sequential or coordinated 
manner in both eukaryotic and prokaryotic systems (112). Error-free repair of 8-oxoG-
containing DNA is carried out by BER, initiated mainly by the enzyme MutM/Fpg. Since 
A is the nucleotide most frequently misincorporated opposite 8-oxoG, cells have evolved 
a mechanism that removes this A from DNA, in a process initiated by the enzyme MutY 
(25). Since C is usually inserted opposite 8-oxoG, this will enable a second attempt of 
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error-free BER, initiated by the MutM/Fpg. Simply, Fpg/MutM cleaves the glycosylic 
bond between 8-oxoG and the deoxyribose, thereby releasing the damaged base from 
DNA. The remaining abasic site is then cleaved 5’ to the lesion by an AP endonuclease, 
or by the lyase activity of Fpg. The dRPase (deoxyribose phosphate lyase) activity of 
DNA polymerase B, cleaves 3’ to the lesion, and the missing nucleotide is inserted by 
DNA polymerase β, followed by ligation (figure 1.4.). 
Uracil DNA glycosylase is another important enzyme involved in base excision 
repair. This generally removes bases that cause minor structural changes in DNA (112). 
These structural changes include deamination of cytosine to uracil, alkylation caused by 
normal cellular metabolites such as S-adenosylmethionine, (e.g. 3-meA), oxidative 
damage caused by ROS from oxidative metabolism and errors in DNA replication. 
Removal of the damaged base is the only catalytic function of monofunctional DNA 
glycosylases, such as uracil DNA glycosylases (UNG), the mismatch-specific 
thymine/uracil DNA glycosylase (TDG) and the methlypurine DNA glycosylases (MPG). 
Whereas UNG and TDG have narrow substrate specificities, MPG removes a large array 
of damaged bases which have a weakened glycosylic bond as their only common feature. 
Survey’s of the P. gingivalis genome has revealed the presence of MutY which 
was shown to play an important role in oxidative stress resistance (189). The results 
implied that a system involving MutY is a primary mechanism for repair of 8-oxoG:A in 
addition to other redundant mechanism(s). Survey’s of the P. gingivalis genome also 
revealed MutT and Ung sequence homologs and studies in our lab have determined the 
function of the Ung DNA glycosylase in the removal of uracil mismatches in duplex  
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Figure 1.4. Schematic diagram of removal of 8-oxoG from DNA  
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DNA (101). However, function of the MutT DNA glycosylases are still to be 
investigated. 
 
Nucleotide Excision Repair (NER) 
The nucleotide excision repair (NER) process is unique in its ability to recognize 
and repair a vast array of structurally unrelated DNA lesions (239). The mechanistic 
function of NER is similar in all three kingdoms of life (figure 1.5.). After recognition of 
a damaged strand incisions are made 3’ and 5’ to the lesion. The oligonucleotide 
containing the lesion is removed and the resulting gap is filled by DNA synthesis, 
followed by ligation of the remaining nick. 
In bacteria UvrA, UvrB and UvrC proteins recognize and cleave the damaged 
DNA in a multistep reaction typical of NER (71). A complex of UvrA and UvrB initially 
scans the DNA for abnormalities in the DNA helix (UvrA2B complex) in an ATP 
dependent manner. After this complex binds to a damaged site, UvrB is loaded onto the 
DNA to produce a stable UvrB-DNA pre-incision complex. This is most likely achieved 
by the opening up of the DNA helix. UvrB can specifically recognize DNA damage in 
the absence of UvrA, when this damage is located close to the end of a double-stranded 
fragment or in the unpaired region of a bubble substrate (146,148). Next, the UvrB 
protein probes the DNA again for the presence of structural aberrations, possibly by 
checking the base-pair stacking interactions. When a lesion is detected, the UvrB protein 
hydrolyses its bound ATP molecule, leading to formation of the pro-pre-incision complex 
(71). Finally, the active UvrB-DNA pre-incision complex is formed by the binding of a 
new ATP molecule and upon binding of the UvrC to this complex, two incisions are 
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made. The first incision is made at the 4th or 5th phosphodiester bond 3’ to the lesion 
immediately followed by incision at the 8th phosphodiester bond on the 5’ side of the 
lesion. After the incisions are made, the UvrD helicase removes the damaged 
oligonucleotide, DNA polymerase Ι fills the gap, and finally, DNA ligase closes the nick. 
One of the fundamental questions concerning NER is how a single repair system 
recognizes and processes modifications of different sizes and with different chemical 
properties, whose only common property is the modification of the standard nucleotides 
found in undamaged DNA. If early steps of recognition identify features similar to a 
lesion, but later steps do not confirm that a proper substrate is present, UvrA2B 
dissociates from the DNA. It is with this view that the uvrB-DNA pre-incision complex is 
a key intermediate because once it is formed, dual incision will take place. The faithful 
discrimination between damaged and undamaged DNA is crucial to avoid spurious 
repair, which interferes with vital DNA-dependent processes and may introduce 
mutations through error-prone repair synthesis. 
 
Rationale 
 The importance of Porphyromonas gingivalis as an etiologic agent in adult 
periodontitis is well established [reviewed in (116)]. In addition to its anaerobic 
requirement, the association of P. gingivalis with inflammatory diseases implies that an 
adaptability to overcome oxidative stress is paramount for its survival. In an 
inflammatory microenvironment, reactive oxygen species (ROS) are important 
components (145). In the periodontal pocket, these oxygen metabolites are mostly 
generated from polymorphonuclear leukocyte and macrophage activities (40) or the  
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Figure 1.5. Schematic diagram of Nucleotide Excision repair.  
Green = uvrA, Light Blue= uvrB, Dark Blue = uvrC.  
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occasional exposure of P. gingivalis to air. Two cellular systems that are coordinately 
regulated are known to function in bacteria to protect against oxidative stress (16,121). In 
one system, antioxidant enzymes such as superoxide dismutase (SOD), catalase, 
peroxidase and oxidase will diminish or eliminate molecular oxygen and ROS before 
they can damage cellular components (7). As demonstrated in Escherichia coli, the other 
system, involves the repair of the oxidatively damaged nucleic acids using endonucleases 
by several mechanisms including base excision repair (BER) and nucleotide excision 
repair (NER) (29,110,121). In previous studies, Johnson et al (101) examined the 
presence of 8-oxoG and a putative mechanism for its repair in P. gingivalis exposed to 
H2O2. Analysis of chromosomal DNA revealed higher levels of 8-oxoG in P. gingivalis 
FLL92, a non-pigmented vimA-defective mutant, compared to the wild-type strain. 8-
oxoG repair activity was also increased in cell extracts from P. gingivalis FLL92 
compared to the parent strain. Enzymatic removal of 8-oxoG was catalyzed by a NER-
like mechanism rather than BER mechanism observed in E. coli. We seek to further 
explore and understand the possible mechanism(s) the organism uses in the repair of 
oxidative stress-induced DNA damage involving 8-oxoG.  
The overall objectives is to identify and evaluate genes and their products that are 
involved in the removal of 8-oxo-7,8-dihydroguanine (8-oxoG) and to elucidate the 
possible molecular mechanism(s) of DNA damage and repair regulation. In this study 
we were able to: 
1. Characterize the uvrB gene and determine the role it plays in DNA damage and 
repair in P. gingivalis. 
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2. Identify the factors that bind to the 8-oxoG lesion. This gave us valuable insight 
into the novel proteins that may either be part of a larger mechanism that is 
involved in the removal of 8-oxoG or alternatively, proteins that may have direct 
involvement in the removal of 8-oxoG. 
3. Characterize the uvrA-PG1036-prcA operon and speculate what possible role it 
plays in the removal of 8-oxoG. 
4. Evaluate the gene products of PG1037 and determine any interactions with P. 
gingivalis extracts.  
An understanding of the possible mechanism(s) P. gingivalis uses to repair DNA damage 
caused by oxidative stress would potentially enable us to develop novel therapeutic 
strategies to combat the deleterious effects of this organism.  
 
47 
References 
 
 1.  Abe, N., T. Kadowaki, K. Okamoto, K. Nakayama, M. Ohishi, and K. 
Yamamoto. 1998. Biochemical and functional properties of lysine-specific 
cysteine proteinase (Lys-gingipain) as a virulence factor of Porphyromonas 
gingivalis in periodontal disease. J. Biochem. 123:305-312. 
 2.  Almiron, M., A. J. Link, D. Furlong, and R. Kolter. 1992. A novel DNA-
binding protein with regulatory and protective roles in starved Escherichia coli. 
Genes Dev. 6:2646-2654. 
 3.  Altshuler, M. 1993. Recovery of DNA replication in UV-damaged Escherichia 
coli. Mutat. Res. 294:91-100. 
 4.  Altuvia, S., M. Almiron, G. Huisman, R. Kolter, and G. Storz. 1994. The dps 
promoter is activated by OxyR during growth and by IHF and sigma S in 
stationary phase. Mol. Microbiol. 13:265-272. 
 5.  Amano, A. 2007. Disruption of epithelial barrier and impairment of cellular 
function by Porphyromonas gingivalis. Front Biosci. 12:3965-3974. 
 6.  Amano, A. 2003. Molecular interaction of Porphyromonas gingivalis with host 
cells: implication for the microbial pathogenesis of periodontal disease. J. 
Periodontol. 74:90-96. 
 7.  Amano, A., T. Ishimoto, H. Tamagawa, and S. Shizukuishi. 1992. Role of 
superoxide dismutase in resistance of Porphyromonas gingivalis to killing by 
polymorphonuclear leukocytes. Infect. Immun. 60:712-714. 
 8.  Amano, A., I. Nakagawa, N. Okahashi, and N. Hamada. 2004. Variations of 
Porphyromonas gingivalis fimbriae in relation to microbial pathogenesis. J. 
Periodontal Res. 39:136-142. 
 9.  Amano, A., A. Sharma, H. T. Sojar, H. K. Kuramitsu, and R. J. Genco. 1994. 
Effects of temperature stress on expression of fimbriae and superoxide dismutase 
by Porphyromonas gingivalis. Infect. Immun. 62:4682-4685. 
 10.  Amano, A., S. Shizukuishi, H. Tamagawa, K. Iwakura, S. Tsunasawa, and A. 
Tsunemitsu. 1990. Characterization of superoxide dismutases purified from 
either anaerobically maintained or aerated Bacteroides gingivalis. J. Bacteriol. 
172:1457-1463. 
 11.  Amano, A., S. Shizukuishi, A. Tsunemitsu, K. Maekawa, and S. Tsunasawa. 
1990. The primary structure of superoxide dismutase purified from anaerobically 
maintained Bacteroides gingivalis. FEBS Lett. 272:217-220. 
48 
 12.  Amornchat, C., S. Rassameemasmaung, W. Sripairojthikoon, and S. 
Swasdison. 2003. Invasion of Porphyromonas gingivalis into human gingival 
fibroblasts in vitro. J. Int. Acad. Periodontol. 5:98-105. 
 13.  Andrews, S. C. 1998. Iron storage in bacteria. Adv. Microb. Physiol 40:281-351. 
 14.  Aoki, Y., K. Tabeta, Y. Murakami, F. Yoshimura, and K. Yamazaki. 2010. 
Analysis of immunostimulatory activity of Porphyromonas gingivalis fimbriae 
conferred by Toll-like receptor 2. Biochem. Biophys. Res. Commun. 398:86-91. 
 15.  Armitage, G. C. 2000. Development of a classification system for periodontal 
diseases and conditions. Northwest. Dent. 79:31-35. 
 16.  Baillon, M. L., A. H. van Vliet, J. M. Ketley, C. Constantinidou, and C. W. 
Penn. 1999. An iron-regulated alkyl hydroperoxide reductase (AhpC) confers 
aerotolerance and oxidative stress resistance to the microaerophilic pathogen 
Campylobacter jejuni. J. Bacteriol. 181:4798-4804. 
 17.  Bainbridge, B. W. and R. P. Darveau. 2001. Porphyromonas gingivalis 
lipopolysaccharide: an unusual pattern recognition receptor ligand for the innate 
host defense system. Acta Odontol. Scand. 59:131-138. 
 18.  Ban, C. and W. Yang. 1998. Structural basis for MutH activation in E.coli 
mismatch repair and relationship of MutH to restriction endonucleases. EMBO J. 
17:1526-1534. 
 19.  Ban, C. and W. Yang. 1998. Crystal structure and ATPase activity of MutL: 
implications for DNA repair and mutagenesis. Cell 95:541-552. 
 20.  Barbour, S. E., K. Nakashima, J. B. Zhang, S. Tangada, C. L. Hahn, H. A. 
Schenkein, and J. G. Tew. 1997. Tobacco and smoking: environmental factors 
that modify the host response (immune system) and have an impact on 
periodontal health. Crit Rev. Oral Biol. Med. 8:437-460. 
 21.  Barua, P. K., D. W. Dyer, and M. E. Neiders. 1990. Effect of iron limitation on 
Bacteroides gingivalis. Oral Microbiol. Immunol. 5:263-268. 
 22.  Beertsen, W., C. A. McCulloch, and J. Sodek. 1997. The periodontal ligament: 
a unique, multifunctional connective tissue. Periodontol. 2000. 13:20-40. 
 23.  Belton, C. M., K. T. Izutsu, P. C. Goodwin, Y. Park, and R. J. Lamont. 1999. 
Fluorescence image analysis of the association between Porphyromonas 
gingivalis and gingival epithelial cells. Cell Microbiol. 1:215-223. 
 24.  Bird, A. 1992. The essentials of DNA methylation. Cell 70:5-8. 
49 
 25.  Bjoras, M., L. Luna, B. Johnsen, E. Hoff, T. Haug, T. Rognes, and E. 
Seeberg. 1997. Opposite base-dependent reactions of a human base excision 
repair enzyme on DNA containing 7,8-dihydro-8-oxoguanine and abasic sites. 
EMBO J. 16:6314-6322. 
 26.  Bland, J. M. and D. G. Altman. 2000. Statistics notes. The odds ratio. BMJ 
320:1468. 
 27.  Blehert, D. S., R. J. Palmer, Jr., J. B. Xavier, J. S. Almeida, and P. E. 
Kolenbrander. 2003. Autoinducer 2 production by Streptococcus gordonii DL1 
and the biofilm phenotype of a luxS mutant are influenced by nutritional 
conditions. J. Bacteriol. 185:4851-4860. 
 28.  Boiteux, S., T. R. O'Connor, and J. Laval. 1987. Formamidopyrimidine-DNA 
glycosylase of Escherichia coli: cloning and sequencing of the fpg structural gene 
and overproduction of the protein. EMBO J 6:3177-3183. 
 29.  Boiteux, S. and J. P. Radicella. 1999. Base excision repair of 8-hydroxyguanine 
protects DNA from endogenous oxidative stress. Biochimie 81:59-67. 
 30.  Bostrom, L., J. Bergstrom, G. Dahlen, and L. E. Linder. 2001. Smoking and 
subgingival microflora in periodontal disease. J. Clin. Periodontol. 28:212-219. 
 31.  Boyd, J. and B. C. McBride. 1984. Fractionation of hemagglutinating and 
bacterial binding adhesins of Bacteroides gingivalis. Infect. Immun. 45:403-409. 
 32.  Bozzi, M., G. Mignogna, S. Stefanini, D. Barra, C. Longhi, P. Valenti, and E. 
Chiancone. 1997. A novel non-heme iron-binding ferritin related to the DNA-
binding proteins of the Dps family in Listeria innocua. J. Biol. Chem. 272:3259-
3265. 
 33.  Bramanti, T. E. and S. C. Holt. 1991. Roles of porphyrins and host iron 
transport proteins in regulation of growth of Porphyromonas gingivalis W50. J. 
Bacteriol. 173:7330-7339. 
 34.  Brien-Simpson, N. M., P. D. Veith, S. G. Dashper, and E. C. Reynolds. 2003. 
Porphyromonas gingivalis gingipains: the molecular teeth of a microbial vampire. 
Curr. Protein Pept. Sci. 4:409-426. 
 35.  Brook, I. 1994. The role of encapsulated anaerobic bacteria in synergistic 
infections. FEMS Microbiol. Rev. 13:65-74. 
 36.  Cabala, A., M. Chomyszyn-Gajewska, and W. Drozdz. 2006. [The impact of 
periodontal infection on systemic inflammatory process and atherosclerosis]. 
Przegl. Lek. 63:681-684. 
50 
 37.  Califano, J. V., J. C. Gunsolley, H. A. Schenkein, and J. G. Tew. 1997. A 
comparison of IgG antibody reactive with Bacteroides forsythus and 
Porphyromonas gingivalis in adult and early-onset periodontitis. J. Periodontol. 
68:734-738. 
 38.  Carlsson, J., J. F. Hofling, and G. K. Sundqvist. 1984. Degradation of albumin, 
hemeopexin, haptoglobin and transferrin, by black-pigmented Bacteroides 
species. J. Med. Microbiol. 18:39-46. 
 39.  Chambrone, L., D. Chambrone, L. A. Lima, and L. A. Chambrone. 2010. 
Predictors of tooth loss during long-term periodontal maintenance: a systematic 
review of observational studies. J. Clin. Periodontol. 37:675-684. 
 40.  Chapple, I. L. 1996. Role of free radicals and antioxidants in the pathogenesis of 
the inflammatory periodontal diseases. Clin. Mol. Pathol. 49:M247-M255. 
 41.  Cianciola, L. J., B. H. Park, E. Bruck, L. Mosovich, and R. J. Genco. 1982. 
Prevalence of periodontal disease in insulin-dependent diabetes mellitus (juvenile 
diabetes). J. Am. Dent. Assoc. 104:653-660. 
 42.  Corey, L. A., W. E. Nance, P. Hofstede, and H. A. Schenkein. 1993. Self-
reported periodontal disease in a Virginia twin population. J. Periodontol. 
64:1205-1208. 
 43.  Coulter, E. D., N. V. Shenvi, and D. M. Kurtz, Jr. 1999. NADH peroxidase 
activity of rubrerythrin. Biochem. Biophys. Res. Commun. 255:317-323. 
 44.  Cummings, P. 2009. The relative merits of risk ratios and odds ratios. Arch. 
Pediatr. Adolesc. Med. 163:438-445. 
 45.  Cutler, C. W., J. R. Kalmar, and C. A. Genco. 1995. Pathogenic strategies of 
the oral anaerobe, Porphyromonas gingivalis. Trends Microbiol. 3:45-51. 
 46.  Dale, B. A. 2002. Periodontal epithelium: a newly recognized role in health and 
disease. Periodontol. 2000. 30:70-78. 
 47.  Darveau, R. P. 2009. The oral microbial consortium's interaction with the 
periodontal innate defense system. DNA Cell Biol. 28:389-395. 
 48.  Dashper, S. G., K. J. Cross, N. Slakeski, P. Lissel, P. Aulakh, C. Moore, and 
E. C. Reynolds. 2004. Hemoglobin hydrolysis and heme acquisition by 
Porphyromonas gingivalis. Oral Microbiol. Immunol. 19:50-56. 
 49.  Dave, S., E. L. Batista, Jr., and T. E. Van Dyke. 2004. Cardiovascular disease 
and periodontal diseases: commonality and causation. Compend. Contin. Educ. 
Dent. 25:26-37. 
51 
 50.  Davenport, E. S., C. E. Williams, J. A. Sterne, V. Sivapathasundram, J. M. 
Fearne, and M. A. Curtis. 1998. The East London Study of Maternal Chronic 
Periodontal Disease and Preterm Low Birth Weight Infants: study design and 
prevalence data. Ann. Periodontol. 3:213-221. 
 51.  Davis, T., D. Kirk, A. Rinaldi, R. H. Burdon, and R. L. Adams. 1985. Delayed 
methylation and the matrix bound DNA methylase. Biochem. Biophys. Res. 
Commun. 126:678-684. 
 52.  deMare, F., D. M. Kurtz, Jr., and P. Nordlund. 1996. The structure of 
Desulfovibrio vulgaris rubrerythrin reveals a unique combination of rubredoxin-
like FeS4 and ferritin-like diiron domains. Nat. Struct. Biol. 3:539-546. 
 53.  Deshpande, R. G., M. B. Khan, and C. A. Genco. 1998. Invasion of aortic and 
heart endothelial cells by Porphyromonas gingivalis. Infect. Immun. 66:5337-
5343. 
 54.  Diaz, P. I., N. Slakeski, E. C. Reynolds, R. Morona, A. H. Rogers, and P. E. 
Kolenbrander. 2006. Role of oxyR in the oral anaerobe Porphyromonas 
gingivalis. J. Bacteriol. 188:2454-2462. 
 55.  Dickinson, D. P., M. A. Kubiniec, F. Yoshimura, and R. J. Genco. 1988. 
Molecular cloning and sequencing of the gene encoding the fimbrial subunit 
protein of Bacteroides gingivalis. J. Bacteriol. 170:1658-1665. 
 56.  Dorn, B. R., J. N. Burks, K. N. Seifert, and A. Progulske-Fox. 2000. Invasion 
of endothelial and epithelial cells by strains of Porphyromonas gingivalis. FEMS 
Microbiol. Lett. 187:139-144. 
 57.  Duran-Pinedo, A. E., K. Nishikawa, and M. J. Duncan. 2007. The RprY 
response regulator of Porphyromonas gingivalis. Mol. Microbiol. 64:1061-1074. 
 58.  Dusek, D. M., A. Progulske-Fox, and T. A. Brown. 1994. Systemic and 
mucosal immune responses in mice orally immunized with avirulent Salmonella 
typhimurium expressing a cloned Porphyromonas gingivalis hemagglutinin. 
Infect. Immun. 62:1652-1657. 
 59.  Eggert, F. M., L. Drewell, J. A. Bigelow, J. E. Speck, and M. Goldner. 1991. 
The pH of gingival crevices and periodontal pockets in children, teenagers and 
adults. Arch. Oral Biol. 36:233-238. 
 60.  Ellis, H. M., D. Yu, T. DiTizio, and Court DL. 2001. High efficiency 
mutagenesis, repair, and engineering of chromosomal DNA using single-stranded 
oligonucleotides. Proc. Natl. Acad. Sci. U. S. A 98:6742-6746. 
52 
 61.  Elter, J. R., J. D. Beck, G. D. Slade, and S. Offenbacher. 1999. Etiologic 
models for incident periodontal attachment loss in older adults. J. Clin. 
Periodontol. 26:113-123. 
 62.  Finlay, B. B. and S. Falkow. 1997. Common themes in microbial pathogenicity 
revisited. Microbiol. Mol. Biol. Rev. 61:136-169. 
 63.  Freeman, S. E., H. Hacham, R. W. Gange, D. J. Maytum, J. C. Sutherland, 
and B. M. Sutherland. 1989. Wavelength dependence of pyrimidine dimer 
formation in DNA of human skin irradiated in situ with ultraviolet light. Proc. 
Natl. Acad. Sci. U. S. A 86:5605-5609. 
 64.  Fridovich, I. 1983. Superoxide radical: an endogenous toxicant. Annu. Rev. 
Pharmacol. Toxicol. 23:239-257. 
 65.  Fujimura, S. 2001. [Iron uptake mechanism of periodontopathogens with special 
regards to Porphyromonas gingivalis]. Nippon Saikingaku Zasshi 56:587-594. 
 66.  Fujimura, S., Y. Shibata, K. Hirai, and T. Nakamura. 1995. Some binding 
properties of the envelope of Porphyromonas gingivalis to hemoglobin. FEMS 
Immunol. Med. Microbiol. 10:109-114. 
 67.  Genco, R. J. 1996. Current view of risk factors for periodontal diseases. J. 
Periodontol. 67:1041-1049. 
 68.  Genco, R. J., A. W. Ho, S. G. Grossi, R. G. Dunford, and L. A. Tedesco. 1999. 
Relationship of stress, distress and inadequate coping behaviors to periodontal 
disease. J. Periodontol. 70:711-723. 
 69.  Gething, M. J. and J. Sambrook. 1992. Protein folding in the cell. Nature 
355:33-45. 
 70.  Goldschmidt, M. C., W. J. Masin, L. R. Brown, and P. R. Wyde. 1988. The 
effect of ascorbic acid deficiency on leukocyte phagocytosis and killing of 
actinomyces viscosus. Int. J. Vitam. Nutr. Res. 58:326-334. 
 71.  Goosen, N. and G. F. Moolenaar. 2001. Role of ATP hydrolysis by UvrA and 
UvrB during nucleotide excision repair. Res. Microbiol. 152:401-409. 
 72.  Gore, E. A., J. J. Sanders, J. P. Pandey, Y. Palesch, and G. M. Galbraith. 
1998. Interleukin-1beta+3953 allele 2: association with disease status in adult 
periodontitis. J. Clin. Periodontol. 25:781-785. 
 73.  Goulhen, F., D. Grenier, and D. Mayrand. 2003. Oral microbial heat-shock 
proteins and their potential contributions to infections. Crit Rev. Oral Biol. Med. 
14:399-412. 
53 
 74.  Grant, R. A., D. J. Filman, S. E. Finkel, R. Kolter, and J. M. Hogle. 1998. The 
crystal structure of Dps, a ferritin homolog that binds and protects DNA. Nat. 
Struct. Biol. 5:294-303. 
 75.  Graves, D. T., Y. Jiang, and C. Genco. 2000. Periodontal disease: bacterial 
virulence factors, host response and impact on systemic health. Curr. Opin. Infect. 
Dis. 13:227-232. 
 76.  Grenier, D. and V. D. La. 2011. Proteases of Porphyromonas gingivalis as 
important virulence factors in periodontal disease and potential targets for plant-
derived compounds: a review article. Curr. Drug Targets. 12:322-331. 
 77.  Gros, L., M. K. Saparbaev, and J. Laval. 2002. Enzymology of the repair of 
free radicals-induced DNA damage. Oncogene 21:8905-8925. 
 78.  Grossi, S. G., R. J. Genco, E. E. Machtei, A. W. Ho, G. Koch, R. Dunford, J. 
J. Zambon, and E. Hausmann. 1995. Assessment of risk for periodontal disease. 
II. Risk indicators for alveolar bone loss. J. Periodontol. 66:23-29. 
 79.  Guiglia, R., G. Campisi, G. Pizzo, M. L. Lo, S. Falaschini, P. D. Gallo, and M. 
D'Angelo. 2007. [Periodontal disease and cardiovascular disease: correlation or 
simple coincidence?]. Recenti Prog. Med. 98:426-432. 
 80.  Hajishengallis, G. 2009. Porphyromonas gingivalis-host interactions: open war 
or intelligent guerilla tactics? Microbes. Infect. 11:637-645. 
 81.  Hamada, S., H. Takada, T. Ogawa, T. Fujiwara, and J. Mihara. 1990. 
Lipopolysaccharides of oral anaerobes associated with chronic inflammation: 
chemical and immunomodulating properties. Int. Rev. Immunol. 6:247-261. 
 82.  Han, N., J. Whitlock, and A. Progulske-Fox. 1996. The hemagglutinin gene A 
(hagA) of Porphyromonas gingivalis 381 contains four large, contiguous, direct 
repeats. Infect. Immun. 64:4000-4007. 
 83.  Haraszthy, V. I., J. J. Zambon, M. Trevisan, M. Zeid, and R. J. Genco. 2000. 
Identification of periodontal pathogens in atheromatous plaques. J. Periodontol. 
71:1554-1560. 
 84.  Hart, T. C., P. S. Hart, D. W. Bowden, M. D. Michalec, S. A. Callison, S. J. 
Walker, Y. Zhang, and E. Firatli. 1999. Mutations of the cathepsin C gene are 
responsible for Papillon-Lefevre syndrome. J. Med. Genet. 36:881-887. 
 85.  Hassan, H. M. 1989. Microbial superoxide dismutases. Adv. Genet. 26:65-97. 
 86.  Hayashi, C., C. V. Gudino, F. C. Gibson, III, and C. A. Genco. 2010. Review: 
Pathogen-induced inflammation at sites distant from oral infection: bacterial 
54 
persistence and induction of cell-specific innate immune inflammatory pathways. 
Mol. Oral Microbiol. 25:305-316. 
 87.  Hayashi, C., A. G. Madrigal, X. Liu, T. Ukai, S. Goswami, C. V. Gudino, F. 
C. Gibson, III, and C. A. Genco. 2010. Pathogen-mediated inflammatory 
atherosclerosis is mediated in part via Toll-like receptor 2-induced inflammatory 
responses. J. Innate. Immun. 2:334-343. 
 88.  Herren, C. D., E. R. Rocha, and C. J. Smith. 2003. Genetic analysis of an 
important oxidative stress locus in the anaerobe Bacteroides fragilis. Gene 
316:167-175. 
 89.  Hewitt, J. and J. G. Morris. 1975. Superoxide dismutase in some obligately 
anaerobic bacteria. FEBS Lett. 50:315-318. 
 90.  Holt, S. C. and T. E. Bramanti. 1991. Factors in virulence expression and their 
role in periodontal disease pathogenesis. Crit Rev. Oral Biol. Med. 2:177-281. 
 91.  Holt, S. C., L. Kesavalu, S. Walker, and C. A. Genco. 1999. Virulence factors 
of Porphyromonas gingivalis. Periodontol. 2000. 20:168-238. 
 92.  Horst, J. P., T. H. Wu, and M. G. Marinus. 1999. Escherichia coli mutator 
genes. Trends Microbiol. 7:29-36. 
 93.  Imamura, T. 2003. The role of gingipains in the pathogenesis of periodontal 
disease. J. Periodontol. 74:111-118. 
 94.  Imamura, T., J. Potempa, S. Tanase, and J. Travis. 1997. Activation of blood 
coagulation factor X by arginine-specific cysteine proteinases (gingipain-Rs) from 
Porphyromonas gingivalis. J. Biol. Chem. 272:16062-16067. 
 95.  Imamura, T., J. Travis, and J. Potempa. 2003. The biphasic virulence activities 
of gingipains: activation and inactivation of host proteins. Curr. Protein Pept. Sci. 
4:443-450. 
 96.  Imlay, J. A. 2002. How oxygen damages microbes: oxygen tolerance and 
obligate anaerobiosis. Adv. Microb. Physiol 46:111-153. 
 97.  Imlay, J. A. and S. Linn. 1988. DNA damage and oxygen radical toxicity. 
Science 240:1302-1309. 
 98.  Inaba, H., K. Nakano, T. Kato, R. Nomura, S. Kawai, M. Kuboniwa, K. 
Ishihara, T. Ooshima, and A. Amano. 2008. Heterogenic virulence and related 
factors among clinical isolates of Porphyromonas gingivalis with type II fimbriae. 
Oral Microbiol. Immunol. 23:29-35. 
55 
 99.  Jacobson, F. S., R. W. Morgan, M. F. Christman, and B. N. Ames. 1989. An 
alkyl hydroperoxide reductase from Salmonella typhimurium involved in the 
defense of DNA against oxidative damage. Purification and properties. J. Biol. 
Chem. 264:1488-1496. 
 100.  Johnson, N. A., Y. Liu, and H. M. Fletcher. 2004. Alkyl hydroperoxide 
peroxidase subunit C (ahpC) protects against organic peroxides but does not 
affect the virulence of Porphyromonas gingivalis W83. Oral Microbiol. Immunol. 
19:233-239. 
 101.  Johnson, N. A., R. McKenzie, L. McLean, L. C. Sowers, and H. M. Fletcher. 
2004. 8-oxo-7,8-dihydroguanine is removed by a nucleotide excision repair-like 
mechanism in Porphyromonas gingivalis W83. J. Bacteriol. 186:7697-7703. 
 102.  Kadowaki, T., R. Takii, K. Yamatake, T. Kawakubo, T. Tsukuba, and K. 
Yamamoto. 2007. A role for gingipains in cellular responses and bacterial 
survival in Porphyromonas gingivalis-infected cells. Front Biosci. 12:4800-4809. 
 103.  Kamma, J. J., C. Giannopoulou, V. G. Vasdekis, and A. Mombelli. 2004. 
Cytokine profile in gingival crevicular fluid of aggressive periodontitis: influence 
of smoking and stress. J. Clin. Periodontol. 31:894-902. 
 104.  Karnoutsos, K., P. Papastergiou, S. Stefanidis, and A. Vakaloudi. 2008. 
Periodontitis as a risk factor for cardiovascular disease: the role of anti-
phosphorylcholine and anti-cardiolipin antibodies. Hippokratia. 12:144-149. 
 105.  Kasai, H., M. H. Chung, D. S. Jones, H. Inoue, H. Ishikawa, H. Kamiya, E. 
Ohtsuka, and S. Nishimura. 1991. 8-Hydroxyguanine, a DNA adduct formed by 
oxygen radicals: its implication on oxygen radical-involved 
mutagenesis/carcinogenesis. J. Toxicol. Sci. 16 Suppl 1:95-105. 
 106.  Kasai, H., P. F. Crain, Y. Kuchino, S. Nishimura, A. Ootsuyama, and H. 
Tanooka. 1986. Formation of 8-hydroxyguanine moiety in cellular DNA by 
agents producing oxygen radicals and evidence for its repair. Carcinogenesis 
7:1849-1851. 
 107.  Kay, H. M., A. J. Birss, and J. W. Smalley. 1989. Glycylprolyl dipeptidase 
activity of Bacteroides gingivalis W50 and the avirulent variant W50/BEI. FEMS 
Microbiol. Lett. 48:93-96. 
 108.  Kinane, D. F. 2000. Aetiology and pathogenesis of periodontal disease. Ann. R. 
Australas. Coll. Dent. Surg. 15:42-50. 
 109.  Klempner, M. S. 1984. Interactions of polymorphonuclear leukocytes with 
anaerobic bacteria. Rev. Infect. Dis. 6 Suppl 1:S40-S44. 
56 
 110.  Konola, J. T., K. E. Sargent, and J. B. Gow. 2000. Efficient repair of hydrogen 
peroxide-induced DNA damage by Escherichia coli requires SOS induction of 
RecA and RuvA proteins. Mutat. Res. 459:187-194. 
 111.  Kornman, K. S., A. Crane, H. Y. Wang, F. S. di Giovine, M. G. Newman, F. 
W. Pirk, T. G. Wilson, Jr., F. L. Higginbottom, and G. W. Duff. 1997. The 
interleukin-1 genotype as a severity factor in adult periodontal disease. J. Clin. 
Periodontol. 24:72-77. 
 112.  Krokan, H. E., H. Nilsen, F. Skorpen, M. Otterlei, and G. Slupphaug. 2000. 
Base excision repair of DNA in mammalian cells. FEBS Lett. 476:73-77. 
 113.  Kuboniwa, M., A. Amano, E. Hashino, Y. Yamamoto, H. Inaba, N. Hamada, 
K. Nakayama, G. D. Tribble, R. J. Lamont, and S. Shizukuishi. 2009. Distinct 
roles of long/short fimbriae and gingipains in homotypic biofilm development by 
Porphyromonas gingivalis. BMC. Microbiol. 9:105. 
 114.  Lahue, R. S., K. G. Au, and P. Modrich. 1989. DNA mismatch correction in a 
defined system. Science 245:160-164. 
 115.  Lamont, R. J., A. Chan, C. M. Belton, K. T. Izutsu, D. Vasel, and A. 
Weinberg. 1995. Porphyromonas gingivalis invasion of gingival epithelial cells. 
Infect. Immun. 63:3878-3885. 
 116.  Lamont, R. J. and H. F. Jenkinson. 1998. Life below the gum line: pathogenic 
mechanisms of Porphyromonas gingivalis. Microbiol. Mol. Biol. Rev. 62:1244-
1263. 
 117.  Lehmann, Y., L. Meile, and M. Teuber. 1996. Rubrerythrin from Clostridium 
perfringens: cloning of the gene, purification of the protein, and characterization 
of its superoxide dismutase function. J. Bacteriol. 178:7152-7158. 
 118.  Liu, X., A. Sroka, J. Potempa, and C. A. Genco. 2004. Coordinate expression 
of the Porphyromonas gingivalis lysine-specific gingipain proteinase, Kgp, 
arginine-specific gingipain proteinase, RgpA, and the heme/hemoglobin receptor, 
HmuR. Biol. Chem. 385:1049-1057. 
 119.  Losche, W., F. Karapetow, A. Pohl, C. Pohl, and T. Kocher. 2000. Plasma 
lipid and blood glucose levels in patients with destructive periodontal disease. J. 
Clin. Periodontol. 27:537-541. 
 120.  Lovegrove, J. M. 2004. Dental plaque revisited: bacteria associated with 
periodontal disease. J. N. Z. Soc. Periodontol. 7-21. 
57 
 121.  Lu, A. L., X. Li, Y. Gu, P. M. Wright, and D. Y. Chang. 2001. Repair of 
oxidative DNA damage: mechanisms and functions. Cell Biochem. Biophys. 
35:141-170. 
 122.  Lu, B. and B. C. McBride. 1994. Stress response of Porphyromonas gingivalis. 
Oral Microbiol. Immunol. 9:166-173. 
 123.  Lumppio, H. L., N. V. Shenvi, R. P. Garg, A. O. Summers, and D. M. Kurtz, 
Jr. 1997. A rubrerythrin operon and nigerythrin gene in Desulfovibrio vulgaris 
(Hildenborough). J. Bacteriol. 179:4607-4615. 
 124.  Lumppio, H. L., N. V. Shenvi, A. O. Summers, G. Voordouw, and D. M. 
Kurtz, Jr. 2001. Rubrerythrin and rubredoxin oxidoreductase in Desulfovibrio 
vulgaris: a novel oxidative stress protection system. J. Bacteriol. 183:101-108. 
 125.  Lynch, M. C. and H. K. Kuramitsu. 1999. Role of superoxide dismutase 
activity in the physiology of Porphyromonas gingivalis. Infect. Immun. 67:3367-
3375. 
 126.  Maekawa, T., N. Takahashi, T. Honda, D. Yonezawa, H. Miyashita, T. Okui, 
K. Tabeta, and K. Yamazaki. 2010. Porphyromonas gingivalis antigens and 
interleukin-6 stimulate the production of monocyte chemoattractant protein-1 via 
the upregulation of early growth response-1 transcription in human coronary 
artery endothelial cells. J. Vasc. Res. 47:346-354. 
 127.  Maki, H. and M. Sekiguchi. 1992. MutT protein specifically hydrolyses a potent 
mutagenic substrate for DNA synthesis. Nature 355:273-275. 
 128.  Marsh, P. D. 1994. Microbial ecology of dental plaque and its significance in 
health and disease. Adv. Dent. Res. 8:263-271. 
 129.  Massey, A., J. Offman, P. Macpherson, and P. Karran. 2003. DNA mismatch 
repair and acquired cisplatin resistance in E. coli and human ovarian carcinoma 
cells. DNA Repair (Amst) 2:73-89. 
 130.  Mattson, J. S. and D. R. Cerutis. 2001. Diabetes mellitus: a review of the 
literature and dental implications. Compend. Contin. Educ. Dent. 22:757-60, 762, 
764. 
 131.  Mayrand, D. and S. C. Holt. 1988. Biology of asaccharolytic black-pigmented 
Bacteroides species. Microbiol. Rev. 52:134-152. 
 132.  McDermid, A. S., A. S. McKee, and P. D. Marsh. 1988. Effect of 
environmental pH on enzyme activity and growth of Bacteroides gingivalis W50. 
Infect. Immun. 56:1096-1100. 
58 
 133.  McGaw, T. 2002. Periodontal disease and preterm delivery of low-birth-weight 
infants. J. Can. Dent. Assoc. 68:165-169. 
 134.  McGuire, M. K. and M. E. Nunn. 1999. Prognosis versus actual outcome. IV. 
The effectiveness of clinical parameters and IL-1 genotype in accurately 
predicting prognoses and tooth survival. J. Periodontol. 70:49-56. 
 135.  McKee, A. S., A. S. McDermid, A. Baskerville, A. B. Dowsett, D. C. Ellwood, 
and P. D. Marsh. 1986. Effect of hemin on the physiology and virulence of 
Bacteroides gingivalis W50. Infect. Immun. 52:349-355. 
 136.  McNab, R., S. K. Ford, A. El-Sabaeny, B. Barbieri, G. S. Cook, and R. J. 
Lamont. 2003. LuxS-based signaling in Streptococcus gordonii: autoinducer 2 
controls carbohydrate metabolism and biofilm formation with Porphyromonas 
gingivalis. J. Bacteriol. 185:274-284. 
 137.  Mealey, B. L. and T. W. Oates. 2006. Diabetes mellitus and periodontal 
diseases. J. Periodontol. 77:1289-1303. 
 138.  Mekalanos, J. J. 1992. Environmental signals controlling expression of virulence 
determinants in bacteria. J. Bacteriol. 174:1-7. 
 139.  Mettraux, G. R., F. A. Gusberti, and H. Graf. 1984. Oxygen tension (pO2) in 
untreated human periodontal pockets. J. Periodontol. 55:516-521. 
 140.  Metzger, Z., J. Blasbalg, M. Dotan, I. Tsesis, and E. I. Weiss. 2009. 
Characterization of coaggregation of Fusobacterium nucleatum PK1594 with six 
Porphyromonas gingivalis strains. J. Endod. 35:50-54. 
 141.  Metzger, Z., J. Blasbalg, M. Dotan, and E. I. Weiss. 2009. Enhanced 
attachment of Porphyromonas gingivalis to human fibroblasts mediated by 
Fusobacterium nucleatum. J. Endod. 35:82-85. 
 142.  Michaels, M. L., J. Tchou, A. P. Grollman, and J. H. Miller. 1992. A repair 
system for 8-oxo-7,8-dihydrodeoxyguanine. Biochemistry 31:10964-10968. 
 143.  Michalowicz, B. S. 1994. Genetic and heritable risk factors in periodontal 
disease. J. Periodontol. 65:479-488. 
 144.  Michalowicz, B. S., D. Aeppli, J. G. Virag, D. G. Klump, J. E. Hinrichs, N. L. 
Segal, T. J. Bouchard, Jr., and B. L. Pihlstrom. 1991. Periodontal findings in 
adult twins. J. Periodontol. 62:293-299. 
 145.  Miller, R. A. and B. E. Britigan. 1997. Role of oxidants in microbial 
pathophysiology. Clin. Microbiol. Rev. 10:1-18. 
59 
 146.  Minko, T., A. Stefanov, and V. Pozharov. 2002. Selected contribution: Lung 
hypoxia: antioxidant and antiapoptotic effects of liposomal alpha-tocopherol. J. 
Appl. Physiol 93:1550-1560. 
 147.  Mol, C. D., S. S. Parikh, C. D. Putnam, T. P. Lo, and J. A. Tainer. 1999. DNA 
repair mechanisms for the recognition and removal of damaged DNA bases. 
Annu. Rev. Biophys. Biomol. Struct. 28:101-128. 
 148.  Moolenaar, G. F., V. Monaco, G. A. van der Marel, J. H. van Boom, R. Visse, 
and N. Goosen. 2000. The effect of the DNA flanking the lesion on formation of 
the UvrB-DNA preincision complex. Mechanism for the UvrA-mediated loading 
of UvrB onto a DNA damaged site. J. Biol. Chem. 275:8038-8043. 
 149.  Mooney, J., P. J. Hodge, and D. F. Kinane. 2001. Humoral immune response in 
early-onset periodontitis: influence of smoking. J. Periodontal Res. 36:227-232. 
 150.  Moss, M. E., J. D. Beck, B. H. Kaplan, S. Offenbacher, J. A. Weintraub, G. 
G. Koch, R. J. Genco, E. E. Machtei, and L. A. Tedesco. 1996. Exploratory 
case-control analysis of psychosocial factors and adult periodontitis. J. 
Periodontol. 67:1060-1069. 
 151.  Mouton, C., E. D. Ni, M. Deslauriers, and L. Lamy. 1991. The 
hemagglutinating adhesin HA-Ag2 of Bacteroides gingivalis is distinct from 
fimbrilin. Oral Microbiol. Immunol. 6:6-11. 
 152.  Murray, D. A. and J. M. Wilton. 2003. Lipopolysaccharide from the periodontal 
pathogen Porphyromonas gingivalis prevents apoptosis of HL60-derived 
neutrophils in vitro. Infect. Immun. 71:7232-7235. 
 153.  Nakayama, K. 1990. The superoxide dismutase-encoding gene of the obligately 
anaerobic bacterium Bacteroides gingivalis. Gene 96:149-150. 
 154.  Nakayama, K. 1994. Rapid viability loss on exposure to air in a superoxide 
dismutase-deficient mutant of Porphyromonas gingivalis. J. Bacteriol. 176:1939-
1943. 
 155.  Nakayama, K., F. Yoshimura, T. Kadowaki, and K. Yamamoto. 1996. 
Involvement of arginine-specific cysteine proteinase (Arg-gingipain) in 
fimbriation of Porphyromonas gingivalis. J. Bacteriol. 178:2818-2824. 
 156.  Nelson, K. E., R. D. Fleischmann, R. T. DeBoy, I. T. Paulsen, D. E. Fouts, J. 
A. Eisen, S. C. Daugherty, R. J. Dodson, A. S. Durkin, M. Gwinn, D. H. Haft, 
J. F. Kolonay, W. C. Nelson, T. Mason, L. Tallon, J. Gray, D. Granger, H. 
Tettelin, H. Dong, J. L. Galvin, M. J. Duncan, F. E. Dewhirst, and C. M. 
Fraser. 2003. Complete genome sequence of the oral pathogenic bacterium 
Porphyromonas gingivalis strain W83. J Bacteriol. 185:5591-5601. 
60 
 157.  Nelson, R. G., M. Shlossman, L. M. Budding, D. J. Pettitt, M. F. Saad, R. J. 
Genco, and W. C. Knowler. 1990. Periodontal disease and NIDDM in Pima 
Indians. Diabetes Care 13:836-840. 
 158.  Niimura, Y., Y. Nishiyama, D. Saito, H. Tsuji, M. Hidaka, T. Miyaji, T. 
Watanabe, and V. Massey. 2000. A hydrogen peroxide-forming NADH oxidase 
that functions as an alkyl hydroperoxide reductase in Amphibacillus xylanus. J. 
Bacteriol. 182:5046-5051. 
 159.  Nishida, E., Y. Hara, T. Kaneko, Y. Ikeda, T. Ukai, and I. Kato. 2001. Bone 
resorption and local interleukin-1alpha and interleukin-1beta synthesis induced by 
Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis 
lipopolysaccharide. J. Periodontal Res. 36:1-8. 
 160.  Nishiyama, Y., V. Massey, K. Takeda, S. Kawasaki, J. Sato, T. Watanabe, 
and Y. Niimura. 2001. Hydrogen peroxide-forming NADH oxidase belonging to 
the peroxiredoxin oxidoreductase family: existence and physiological role in 
bacteria. J. Bacteriol. 183:2431-2438. 
 161.  Njoroge, T., R. J. Genco, H. T. Sojar, N. Hamada, and C. A. Genco. 1997. A 
role for fimbriae in Porphyromonas gingivalis invasion of oral epithelial cells. 
Infect. Immun. 65:1980-1984. 
 162.  Noiri, Y., K. Ozaki, H. Nakae, T. Matsuo, and S. Ebisu. 1997. An 
immunohistochemical study on the localization of Porphyromonas gingivalis, 
Campylobacter rectus and Actinomyces viscosus in human periodontal pockets. J. 
Periodontal Res. 32:598-607. 
 163.  Obeid, P. and P. Bercy. 2000. Effects of smoking on periodontal health: a 
review. Adv. Ther. 17:230-237. 
 164.  Ohara, N., Y. Kikuchi, M. Shoji, M. Naito, and K. Nakayama. 2006. 
Superoxide dismutase-encoding gene of the obligate anaerobe Porphyromonas 
gingivalis is regulated by the redox-sensing transcription activator OxyR. 
Microbiology 152:955-966. 
 165.  Okamoto, K., T. Kadowaki, K. Nakayama, and K. Yamamoto. 1996. Cloning 
and sequencing of the gene encoding a novel lysine-specific cysteine proteinase 
(Lys-gingipain) in Porphyromonas gingivalis: structural relationship with the 
arginine-specific cysteine proteinase (Arg-gingipain). J. Biochem. (Tokyo) 
120:398-406. 
 166.  Okuda, K. and I. Takazoe. 1988. The role of Bacteroides gingivalis in 
periodontal disease. Adv. Dent. Res. 2:260-268. 
61 
 167.  Olczak, T., D. W. Dixon, and C. A. Genco. 2001. Binding specificity of the 
Porphyromonas gingivalis heme and hemoglobin receptor HmuR, gingipain K, 
and gingipain R1 for heme, porphyrins, and metalloporphyrins. J. Bacteriol. 
183:5599-5608. 
 168.  Patel, I. S., T. A. Seemungal, M. Wilks, S. J. Lloyd-Owen, G. C. Donaldson, 
and J. A. Wedzicha. 2002. Relationship between bacterial colonisation and the 
frequency, character, and severity of COPD exacerbations. Thorax 57:759-764. 
 169.  Pavloff, N., P. A. Pemberton, J. Potempa, W. C. Chen, R. N. Pike, V. 
Prochazka, M. C. Kiefer, J. Travis, and P. J. Barr. 1997. Molecular cloning 
and characterization of Porphyromonas gingivalis lysine-specific gingipain. A 
new member of an emerging family of pathogenic bacterial cysteine proteinases. 
J. Biol. Chem. 272:1595-1600. 
 170.  Payne, J. B., R. A. Reinhardt, P. V. Nummikoski, and K. D. Patil. 1999. 
Longitudinal alveolar bone loss in postmenopausal osteoporotic/osteopenic 
women. Osteoporos. Int. 10:34-40. 
 171.  Pena, M. M. and G. S. Bullerjahn. 1995. The DpsA protein of Synechococcus 
sp. Strain PCC7942 is a DNA-binding hemoprotein. Linkage of the Dps and 
bacterioferritin protein families. J. Biol. Chem. 270:22478-22482. 
 172.  Pena, M. M., W. Burkhart, and G. S. Bullerjahn. 1995. Purification and 
characterization of a Synechococcus sp. strain PCC 7942 polypeptide structurally 
similar to the stress-induced Dps/PexB protein of Escherichia coli. Arch. 
Microbiol. 163:337-344. 
 173.  Perrino, M. A. 2007. Diabetes and periodontal disease: an example of an 
oral/systemic relationship. N. Y. State Dent. J. 73:38-41. 
 174.  Pierik, A. J., R. B. Wolbert, G. L. Portier, M. F. Verhagen, and W. R. Hagen. 
1993. Nigerythrin and rubrerythrin from Desulfovibrio vulgaris each contain two 
mononuclear iron centers and two dinuclear iron clusters. Eur. J. Biochem. 
212:237-245. 
 175.  Pihlstrom, B. L., B. S. Michalowicz, and N. W. Johnson. 2005. Periodontal 
diseases. Lancet 366:1809-1820. 
 176.  Pike, R., W. McGraw, J. Potempa, and J. Travis. 1994. Lysine- and arginine-
specific proteinases from Porphyromonas gingivalis. Isolation, characterization, 
and evidence for the existence of complexes with hemagglutinins. J. Biol. Chem. 
269:406-411. 
 177.  Pomposiello, P. J. and B. Demple. 2002. Global adjustment of microbial 
physiology during free radical stress. Adv. Microb. Physiol 46:319-341. 
62 
 178.  Poole, L. B., M. Higuchi, M. Shimada, M. L. Calzi, and Y. Kamio. 2000. 
Streptococcus mutans H2O2-forming NADH oxidase is an alkyl hydroperoxide 
reductase protein. Free Radic. Biol. Med. 28:108-120. 
 179.  Potempa, J., A. Sroka, T. Imamura, and J. Travis. 2003. Gingipains, the major 
cysteine proteinases and virulence factors of Porphyromonas gingivalis: structure, 
function and assembly of multidomain protein complexes. Curr. Protein Pept. Sci. 
4:397-407. 
 180.  Preshaw, P. M., R. E. Schifferle, and J. D. Walters. 1999. Porphyromonas 
gingivalis lipopolysaccharide delays human polymorphonuclear leukocyte 
apoptosis in vitro. J. Periodontal Res. 34:197-202. 
 181.  Preshaw, P. M., R. A. Seymour, and P. A. Heasman. 2004. Current concepts in 
periodontal pathogenesis. Dent. Update. 31:570-578. 
 182.  Progulske-Fox, A., V. Rao, N. Han, G. Lepine, J. Witlock, and M. Lantz. 
1993. Molecular characterization of hemagglutinin genes of periodontopathic 
bacteria. J. Periodontal Res. 28:473-474. 
 183.  Qi, M., H. Miyakawa, and H. K. Kuramitsu. 2003. Porphyromonas gingivalis 
induces murine macrophage foam cell formation. Microb. Pathog. 35:259-267. 
 184.  Raghavendran, K., J. M. Mylotte, and F. A. Scannapieco. 2007. Nursing 
home-associated pneumonia, hospital-acquired pneumonia and ventilator-
associated pneumonia: the contribution of dental biofilms and periodontal 
inflammation. Periodontol. 2000. 44:164-177. 
 185.  Ramseier, C. A., J. S. Kinney, A. E. Herr, T. Braun, J. V. Sugai, C. A. 
Shelburne, L. A. Rayburn, H. M. Tran, A. K. Singh, and W. V. Giannobile. 
2009. Identification of pathogen and host-response markers correlated with 
periodontal disease. J. Periodontol. 80:436-446. 
 186.  Rasmussen, B. A. and E. Kovacs. 1993. Cloning and identification of a two-
component signal-transducing regulatory system from Bacteroides fragilis. Mol. 
Microbiol. 7:765-776. 
 187.  Ratnayake, D. B., S. N. Wai, Y. Shi, K. Amako, H. Nakayama, and K. 
Nakayama. 2000. Ferritin from the obligate anaerobe Porphyromonas gingivalis: 
purification, gene cloning and mutant studies. Microbiology 146 ( Pt 5):1119-
1127. 
 188.  Roberts, C. J. and E. U. Selker. 1995. Mutations affecting the biosynthesis of S-
adenosylmethionine cause reduction of DNA methylation in Neurospora crassa. 
Nucleic Acids Res. 23:4818-4826. 
63 
 189.  Robles, A. G., K. Reid, F. Roy, and H. M. Fletcher. 2011. Porphyromonas 
gingivalis mutY is involved in the repair of oxidative stress-induced DNA 
mispairing, p. 1-12. In . Molecular Oral Microbiology. 
 190.  Rocha, E. R., G. Owens, Jr., and C. J. Smith. 2000. The redox-sensitive 
transcriptional activator OxyR regulates the peroxide response regulon in the 
obligate anaerobe Bacteroides fragilis. J. Bacteriol. 182:5059-5069. 
 191.  Rocha, E. R. and C. J. Smith. 2004. Transcriptional regulation of the 
Bacteroides fragilis ferritin gene (ftnA) by redox stress. Microbiology 150:2125-
2134. 
 192.  Rocha, E. R. and C. J. Smith. 1999. Role of the alkyl hydroperoxide reductase 
(ahpCF) gene in oxidative stress defense of the obligate Anaerobe Bacteroides 
fragilis. J. Bacteriol. 181:5701-5710. 
 193.  Ronderos, M., D. R. Jacobs, J. H. Himes, and B. L. Pihlstrom. 2000. 
Associations of periodontal disease with femoral bone mineral density and 
estrogen replacement therapy: cross-sectional evaluation of US adults from 
NHANES III. J. Clin. Periodontol. 27:778-786. 
 194.  Rosen, G., T. Genzler, and M. N. Sela. 2008. Coaggregation of Treponema 
denticola with Porphyromonas gingivalis and Fusobacterium nucleatum is 
mediated by the major outer sheath protein of Treponema denticola. FEMS 
Microbiol. Lett. 289:59-66. 
 195.  Rudney, J. D., R. Chen, and G. J. Sedgewick. 2001. Intracellular Actinobacillus 
actinomycetemcomitans and Porphyromonas gingivalis in buccal epithelial cells 
collected from human subjects. Infect. Immun. 69:2700-2707. 
 196.  Sacco, G., D. Carmagnola, S. Abati, P. F. Luglio, L. Ottolenghi, A. Villa, C. 
Maida, and G. Campus. 2008. Periodontal disease and preterm birth 
relationship: a review of the literature. Minerva Stomatol. 57:233-250. 
 197.  Safkan-Seppala, B. and J. Ainamo. 1992. Periodontal conditions in insulin-
dependent diabetes mellitus. J. Clin. Periodontol. 19:24-29. 
 198.  Sandros, J., P. N. Papapanou, U. Nannmark, and G. Dahlen. 1994. 
Porphyromonas gingivalis invades human pocket epithelium in vitro. J. 
Periodontal Res. 29:62-69. 
 199.  Scannapieco, F. A. 2006. Pneumonia in nonambulatory patients. The role of oral 
bacteria and oral hygiene. J. Am. Dent. Assoc. 137 Suppl:21S-25S. 
 200.  Scannapieco, F. A. 1999. Role of oral bacteria in respiratory infection. J. 
Periodontol. 70:793-802. 
64 
 201.  Scannapieco, F. A., R. B. Bush, and S. Paju. 2003. Associations between 
periodontal disease and risk for nosocomial bacterial pneumonia and chronic 
obstructive pulmonary disease. A systematic review. Ann. Periodontol. 8:54-69. 
 202.  Scannapieco, F. A. and A. W. Ho. 2001. Potential associations between chronic 
respiratory disease and periodontal disease: analysis of National Health and 
Nutrition Examination Survey III. J. Periodontol. 72:50-56. 
 203.  Seymour, G. J., E. Gemmell, R. A. Reinhardt, J. Eastcott, and M. A. 
Taubman. 1993. Immunopathogenesis of chronic inflammatory periodontal 
disease: cellular and molecular mechanisms. J. Periodontal Res. 28:478-486. 
 204.  Shah, H. N., R. Bonnett, B. Mateen, and R. A. Williams. 1979. The porphyrin 
pigmentation of subspecies of Bacteroides melaninogenicus. Biochem. J. 180:45-
50. 
 205.  Shah, H. N., S. E. Gharbia, A. Progulske-Fox, and K. Brocklehurst. 1992. 
Evidence for independent molecular identity and functional interaction of the 
hemeagglutinin and cysteine proteinase (gingivain) of Porphyromonas gingivalis. 
J. Med. Microbiol. 36:239-244. 
 206.  Shapira, L., C. Champagne, T. E. Van Dyke, and S. Amar. 1998. Strain-
dependent activation of monocytes and inflammatory macrophages by 
lipopolysaccharide of Porphyromonas gingivalis. Infect. Immun. 66:2736-2742. 
 207.  Shilotri, P. G. 1977. Phagocytosis and leukocyte enzymes in ascorbic acid 
deficient guinea pigs. J. Nutr. 107:1513-1516. 
 208.  Shlossman, M., W. C. Knowler, D. J. Pettitt, and R. J. Genco. 1990. Type 2 
diabetes mellitus and periodontal disease. J. Am. Dent. Assoc. 121:532-536. 
 209.  Sies, H. and W. Stahl. 1995. Vitamins E and C, beta-carotene, and other 
carotenoids as antioxidants. Am. J. Clin. Nutr. 62:1315S-1321S. 
 210.  Simpsonv, W., T. Olczak, and C. A. Genco. 2004. Lysine-specific gingipain K 
and heme/hemoglobin receptor HmuR are involved in heme utilization in 
Porphyromonas gingivalis. Acta Biochim. Pol. 51:253-262. 
 211.  Skaleric, U. and M. Kovac-Kavcic. 2000. Some risk factors for the progression 
of periodontal disease. J. Int. Acad. Periodontol. 2:19-23. 
 212.  Smalley, J. W. 1994. Pathogenic mechanisms in periodontal disease. Adv. Dent. 
Res. 8:320-328. 
65 
 213.  Smalley, J. W. and A. J. Birss. 1990. Stability of soluble and extracellular 
vesicle-associated trypsin-like protease (TLP) activity of Bacteroides gingivalis 
W50. FEMS Microbiol. Lett. 58:317-320. 
 214.  Smalley, J. W., A. J. Birss, A. S. McKee, and P. D. Marsh. 1998. Hemin 
regulation of hemoglobin binding by Porphyromonas gingivalis. Curr. Microbiol. 
36:102-106. 
 215.  Smalley, J. W., A. J. Birss, A. S. McKee, and P. D. Marsh. 1991. Haemin-
restriction influences haemin-binding, haemagglutination and protease activity of 
cells and extracellular membrane vesicles of Porphyromonas gingivalis W50. 
FEMS Microbiol. Lett. 69:63-67. 
 216.  Smalley, J. W., A. J. Birss, and J. Silver. 2000. The periodontal pathogen 
Porphyromonas gingivalis harnesses the chemistry of the mu-oxo bishaem of iron 
protoporphyrin IX to protect against hydrogen peroxide. FEMS Microbiol. Lett. 
183:159-164. 
 217.  Smalley, J. W., J. Silver, P. J. Marsh, and A. J. Birss. 1998. The 
periodontopathogen Porphyromonas gingivalis binds iron protoporphyrin IX in 
the mu-oxo dimeric form: an oxidative buffer and possible pathogenic 
mechanism. Biochem. J. 331 ( Pt 3):681-685. 
 218.  Solomon, E. I., T. C. Brunold, M. I. Davis, J. N. Kemsley, S. K. Lee, N. 
Lehnert, F. Neese, A. J. Skulan, Y. S. Yang, and J. Zhou. 2000. Geometric and 
electronic structure/function correlations in non-heme iron enzymes. Chem. Rev. 
100:235-350. 
 219.  Squires, C. and C. L. Squires. 1992. The Clp proteins: proteolysis regulators or 
molecular chaperones? J. Bacteriol. 174:1081-1085. 
 220.  Sroka, A., M. Sztukowska, J. Potempa, J. Travis, and C. A. Genco. 2001. 
Degradation of host heme proteins by lysine- and arginine-specific cysteine 
proteinases (gingipains) of Porphyromonas gingivalis. J. Bacteriol. 183:5609-
5616. 
 221.  Storz, G. and J. A. Imlay. 1999. Oxidative stress. Curr. Opin. Microbiol. 2:188-
194. 
 222.  Storz, G., F. S. Jacobson, L. A. Tartaglia, R. W. Morgan, L. A. Silveira, and 
B. N. Ames. 1989. An alkyl hydroperoxide reductase induced by oxidative stress 
in Salmonella typhimurium and Escherichia coli: genetic characterization and 
cloning of ahp. J. Bacteriol. 171:2049-2055. 
 223.  Storz, G., L. A. Tartaglia, S. B. Farr, and B. N. Ames. 1990. Bacterial defenses 
against oxidative stress. Trends Genet. 6:363-368. 
66 
 224.  Storz, G. and M. Zheng. 2000. Oxidative Stress. In Bacterial Stress Responses, 
p. 47-59. In . 
 225.  Sundqvist, G., D. Figdor, L. Hanstrom, S. Sorlin, and G. Sandstrom. 1991. 
Phagocytosis and virulence of different strains of Porphyromonas gingivalis. 
Scand. J. Dent. Res. 99:117-129. 
 226.  Sztukowska, M., M. Bugno, J. Potempa, J. Travis, and D. M. Kurtz, Jr. 2002. 
Role of rubrerythrin in the oxidative stress response of Porphyromonas gingivalis. 
Mol. Microbiol. 44:479-488. 
 227.  Tajiri, T., H. Maki, and M. Sekiguchi. 1995. Functional cooperation of MutT, 
MutM and MutY proteins in preventing mutations caused by spontaneous 
oxidation of guanine nucleotide in Escherichia coli. Mutat. Res. 336:257-267. 
 228.  Takahashi, N. and B. Nyvad. 2008. Caries ecology revisited: microbial 
dynamics and the caries process. Caries Res. 42:409-418. 
 229.  Tally, F. P., B. R. Goldin, N. V. Jacobus, and S. L. Gorbach. 1977. Superoxide 
dismutase in anaerobic bacteria of clinical significance. Infect. Immun. 16:20-25. 
 230.  Taylor, G. W. and W. S. Borgnakke. 2008. Periodontal disease: associations 
with diabetes, glycemic control and complications. Oral Dis. 14:191-203. 
 231.  Tchou, J., H. Kasai, S. Shibutani, M. H. Chung, J. Laval, A. P. Grollman, 
and S. Nishimura. 1991. 8-oxoguanine (8-hydroxyguanine) DNA glycosylase 
and its substrate specificity. Proc. Natl. Acad. Sci. U. S. A 88:4690-4694. 
 232.  Tchou, J., M. L. Michaels, J. H. Miller, and A. P. Grollman. 1993. Function of 
the zinc finger in Escherichia coli Fpg protein. J. Biol. Chem. 268:26738-26744. 
 233.  Teng, Y. T., G. W. Taylor, F. Scannapieco, D. F. Kinane, M. Curtis, J. D. 
Beck, and S. Kogon. 2002. Periodontal health and systemic disorders. J. Can. 
Dent. Assoc. 68:188-192. 
 234.  Tokuda, M., M. Duncan, M. I. Cho, and H. K. Kuramitsu. 1996. Role of 
Porphyromonas gingivalis protease activity in colonization of oral surfaces. 
Infect. Immun. 64:4067-4073. 
 235.  Ueshima, J., M. Shoji, D. B. Ratnayake, K. Abe, S. Yoshida, K. Yamamoto, 
and K. Nakayama. 2003. Purification, gene cloning, gene expression, and 
mutants of Dps from the obligate anaerobe Porphyromonas gingivalis. Infect. 
Immun. 71:1170-1178. 
67 
 236.  Umeda, J. E., C. Missailidis, P. L. Longo, D. Anzai, M. Wikstrom, and M. P. 
Mayer. 2006. Adhesion and invasion to epithelial cells by fimA genotypes of 
Porphyromonas gingivalis. Oral Microbiol. Immunol. 21:415-419. 
 237.  Van Steenbergen, T. J. 2006. [Dissertations 25 years after date 12. Classification 
and virulence of black-pigmented bacteria in relation to periodontitis]. Ned. 
Tijdschr. Tandheelkd. 113:513-515. 
 238.  Vayssier, C., D. Mayrand, and D. Grenier. 1994. Detection of stress proteins in 
Porphyromonas gingivalis and other oral bacteria by western immunoblotting 
analysis. FEMS Microbiol. Lett. 121:303-307. 
 239.  Verhoeven, E. E., C. Wyman, G. F. Moolenaar, and N. Goosen. 2002. The 
presence of two UvrB subunits in the UvrAB complex ensures damage detection 
in both DNA strands. EMBO J. 21:4196-4205. 
 240.  Verma, S. and K. M. Bhat. 2004. Diabetes mellitus--a modifier of periodontal 
disease expression. J. Int. Acad. Periodontol. 6:13-20. 
 241.  Weinberg, A., C. M. Belton, Y. Park, and R. J. Lamont. 1997. Role of 
fimbriae in Porphyromonas gingivalis invasion of gingival epithelial cells. Infect. 
Immun. 65:313-316. 
 242.  Weinberg, M. V., F. E. Jenney, Jr., X. Cui, and M. W. Adams. 2004. 
Rubrerythrin from the hyperthermophilic archaeon Pyrococcus furiosus is a 
rubredoxin-dependent, iron-containing peroxidase. J. Bacteriol. 186:7888-7895. 
 243.  Williams, R. C. 2001. Periodontal disease: the emergence of a new paradigm. 
Compend. Contin. Educ. Dent. 22:3-6. 
 244.  Xie, H., S. Cai, and R. J. Lamont. 1997. Environmental regulation of fimbrial 
gene expression in Porphyromonas gingivalis. Infect. Immun. 65:2265-2271. 
 245.  Yamamoto, Y., M. Higuchi, L. B. Poole, and Y. Kamio. 2000. Role of the dpr 
product in oxygen tolerance in Streptococcus mutans. J. Bacteriol. 182:3740-
3747. 
 246.  Yeo, B. K., L. P. Lim, D. W. Paquette, and R. C. Williams. 2005. Periodontal 
disease -- the emergence of a risk for systemic conditions: pre-term low birth 
weight. Ann. Acad. Med. Singapore 34:111-116. 
 247.  Yilmaz, O. 2008. The chronicles of Porphyromonas gingivalis: the microbium, 
the human oral epithelium and their interplay. Microbiology 154:2897-2903. 
 248.  Zee, K. Y. 2009. Smoking and periodontal disease. Aust. Dent. J. 54 Suppl 
1:S44-S50. 
68 
 249.  Zylicz, M. 1993. The Escherichia coli chaperones involved in DNA replication. 
Philos. Trans. R. Soc. Lond B Biol. Sci. 339:271-277. 
 
 
69 
 
 
CHAPTER TWO 
DNA REPAIR OF 8-OXO-7,8-DIHYDROGUANINE LESIONS IN 
PORPHYROMONAS GINGIVALIS 
 
 
Leroy G. Henry*1, Lawrence Sandberg2, Kangling Zhang2, and Hansel M. Fletcher1 
 
 
 
 
 
1Division of Microbiology and Molecular genetics 
2Division of Biochemistry 
School of Medicine, Loma Linda University 
Loma Linda, California 92350 
 
 
 
 
 
 
 
 
* CORRESPONDING AUTHOR 
 
 
 
 
Phone: (909) 558-4472 
FAX: (909) 558-4035 
E-mail: LHENRY1@LLU.EDU   
70 
Abstract 
 The persistence of Porphyromonas gingivalis in the inflammatory environment of 
the periodontal pocket requires an ability to overcome oxidative stress. DNA damage is a 
major consequence of oxidative stress. Unlike other organisms, our previous report 
suggests a role for a non-base excision repair mechanism for the removal of 8-oxo-7,8-
dihydroguanine (8-oxoG) in P. gingivalis. Because the uvrB gene is known to be 
important in nucleotide excision repair, the role of this gene in the repair of oxidative 
stress-induced DNA damage was investigated. A 3.1 kb fragment containing the uvrB 
gene was PCR-amplified from the chromosomal DNA of P. gingivalis W83. This gene 
was insertionally inactivated using the ermF-ermAM antibiotic cassette and used to create 
a uvrB-deficient mutant by allelic exchange. When plated on Brucella blood agar, the 
mutant strain, designated P. gingivalis FLL144, was similar in black-pigmentation and 
beta-hemolysis when compared to the parent strain. In addition, P. gingivalis FLL144 
demonstrated no significant difference in growth rate, proteolytic activity or sensitivity to 
hydrogen peroxide when compared to the parent strain. However, in contrast to the wild-
type, P. gingivalis FLL144 was significantly more sensitive to UV irradiation. The 
enzymatic removal of 8-oxoG from duplex DNA was unaffected by the inactivation of 
the uvrB gene. DNA affinity fractionation identified unique proteins that preferentially 
bound to the oligonucleotide fragment carrying the 8-oxoG lesion.  Collectively, these 
results suggest that the repair of oxidative stress-induced DNA damage involving 8-oxoG 
may occur by a yet to be described mechanism in P. gingivalis. 
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Introduction 
 The importance of Porphyromonas gingivalis as an etiologic agent in adult 
periodontitis is well established [reviewed in (30)]. In addition to its anaerobic 
requirement, the association of P. gingivalis with inflammatory diseases implies that 
adaptability to oxidative stress is paramount for its survival. In an inflammatory 
microenvironment, reactive oxygen species (ROS) are important components (35).  In the 
periodontal pocket, these oxygen metabolites are mostly generated from 
polymorphonuclear leukocyte and macrophage activities (10) or the occasional exposure 
of P. gingivalis to air.  Two cellular systems that are coordinately regulated are known to 
function in bacteria to protect against oxidative stress (5,32).  In one system, antioxidant 
enzymes such as superoxide dismutase (SOD), catalase, peroxidase, and oxidase will 
diminish or eliminate molecular oxygen and ROS before they can damage cellular 
components (4). As demonstrated in Escherichia coli, the other system, involves the 
repair of the oxidatively damaged nucleic acids using endonucleases by several 
mechanisms including base excision repair (BER) and nucleotide excision repair (NER) 
(8,28,32). To date, we know little about the mechanism(s) of oxidative stress resistance in 
P. gingivalis.  While this organism is oxygen tolerant and is missing catalase activity, it 
has been shown to express SOD activity (11). This SOD activity, however, is protective 
only for tolerance to atmospheric oxygen but ineffective against hydrogen peroxide or 
exogenously generated ROS (33).  Recently, the rbr, feoB2, dps, and ahpC genes were 
shown to provide oxidative stress protection against hydrogen peroxide (23,27,49,52).  
Additionally, cell surface heme acquisition has been postulated to be a unique defense 
mechanism against ROS in P. gingivalis (47,48).   The storage of the heme on the cell 
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surface which gives the organism its characteristic black pigmentation, can form µ-oxo 
dimers in the presence of ROS and can give rise to the catalytic degradation of hydrogen 
peroxide (47). 
DNA is a major target of ROS [reviewed in (35)]. While oxidant-induced DNA 
damage generates over 20 different oxidatively altered bases (13), 8-oxo-7,8-
dihydroguanine (8-oxoG) is by far the major product (44). Unlike several other modified 
DNA bases, 8-oxoG does not block replication.  Instead, it can Watson-Crick base pair 
with cytosine as well as Hoogsteen base pair with adenine (21,50).  The polymerases can 
efficiently incorporate both cytosine and adenine across from 8-oxoG.  Mispairing with 
adenine often leads to GC-to-TA transversion mutations that can be deleterious to the cell 
(21). Because the average G + C content of the genome of P. gingivalis is 49% (37), a 
mechanism(s) to prevent or repair lesions resulting from guanine oxidation could be 
significant. This is further underscored by the observations that the salivary levels of 8-
oxoG and the presence of  P. gingivalis and T. forsythia in periodontitis patients were 
significantly higher than those in healthy subjects (42). In addition, the presence of 8-
oxoG was significantly correlated with P. gingivalis (42).  
Base excision repair (BER) and nucleotide excision repair (NER) are two known 
DNA repair mechanisms that are conserved in many organisms including eukaryotes. 
Removal of 8-oxoG appears to occur mostly by BER, which in E. coli involves the 
foramidopyrimidine glycosylase (Fpg) enzyme encoded by the mutM gene (7,8,18). NER 
is unique due to its ability to repair a wide spectrum of DNA lesions. Proteins including 
UvrA, -B, -C, and -D are involved in the recognition of the lesion and the release of the 
patch of DNA including the damaged base (6). While these DNA repair mechanisms 
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have been described for many organisms, there is a gap in our understanding of the repair 
of oxidative-induced DNA damage in P. gingivalis.  
Under oxidative stress conditions, we previously observed higher levels of 8-
oxoG in P. gingivalis FLL92, a non-pigmented isogenic mutant, than in the wild-type 
strain (27). Enzymatic removal of 8-oxoG was catalyzed by a mechanism that did not 
include BER as observed in E. coli. Compared to the parent strain, 8-oxoG repair activity 
was also increased in P. gingivalis FLL92. Also, in comparison with other anaerobic 
periodontal pathogens, only P. gingivalis demonstrated a different pattern for the 
enzymatic removal of 8-oxoG as observed in E. coli.  Because DNA cleavage occurred 
several bases away from the 8-oxoG lesion, this raised the possibility of a NER-like 
repair mechanism which is also known to repair similar lesions (27). In this study, we 
report that NER does not play a role in the repair of the 8-oxoG lesion in P. gingivalis.  
Rather, a hypothetical protein of unknown function, in a yet to be described mechanism, 
may be involved in the 8-oxoG repair activity. Additionally, while P. gingivalis FLL144, 
a uvrB-defective mutant, was dramatically more sensitive to UV than the wild-type there 
was no difference in their sensitivities to hydrogen peroxide.  
 
Materials and Methods 
Bacterial Strains and Culture Conditions 
Strains and plasmids used in this experiment are listed in Table 2.1. P. gingivalis 
strains were grown in brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI) 
supplemented with hemin (5 µg/ml), vitamin K (0.5 µg/ml) and cysteine (0.1%). E. coli 
strains were grown in Luria-Bertani broth (LB) (Sambrook et al., 1989). Unless 
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otherwise stated, all cultures were incubated at 37 °C. P. gingivalis strains were 
maintained in an anaerobic chamber (Coy Manufacturing, Ann Arbor, MI) in 10% H2, 
10% CO2, 80% N2. Growth rates for P. gingivalis and E. coli strains were determined 
spectrophotometrically (optical density at 600 nm). Antibiotics were used at the 
following concentrations: clindamycin, 0.5 µg/ml; erythromycin, 300 µg/ml; and 
carbenicillin, 100 µg/ml. 
 
DNA Isolation and Analysis   
Plasmid and P. gingivalis chromosomal DNA preparations and analyses were 
performed as previously described (53). For large-scale preparation, plasmids were 
purified using a Qiagen (Santa Clarita, Calif.) plasmid maxi kit. DNA was digested with 
restriction enzymes as specified by the manufacturer (Roche, Indianapolis, IN). For DNA 
subcloning, the desired fragments were isolated from 1% agarose gels run in Tris-acetate-
EDTA buffer then purified using Amicon Ultrafree-DA (Millipore, Bellerica, MA). 
Southern blot alkaline transfer was performed according to the method of Roche 
Diagnostics Corporation (Indianapolis, IN). The PCR amplified 3.0 kb uvrB and 2.1 kb 
ermF-ermAM genes were digoxigenin (DIG) labeled and used as probes in hybridization 
experiments. DNA labeling, hybridization and detection was performed using the DIG 
High Prime Labeling and Detection Starter kit II (Roche, Indianapolis, IN) according to 
the manufacturer’s instructions.  
 
 
 
75 
PCR Analysis of P. gingivalis Chromosomal DNA  
Oligonucleotide primer design (Table 2.2.) and general PCR amplification were 
done as previously described (2,14,41). Briefly, a 50 μl reaction mixture, containing 1 μl 
of template DNA (0.5 μg), 1 μM of each primer, 25 μl High Fidelity PCR Master enzyme 
mix (Roche, Indianapolis, IN) and distilled water was prepared. The PCR reaction 
consisted of 25 cycles with a temperature profile of 94 oC for 30 seconds, 55 oC for 1 min 
and 72 oC for 2 min. The final extension was performed at 72 oC for 7 min. The PCR 
amplified DNA was then identified by 1% agarose gel electrophoresis. 
 
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Analysis 
of DNase Treated RNA Extracted from P. gingivalis  
Total RNA was extracted from P. gingivalis grown to mid-log phase (OD600 of 
0.7) using the RiboPureTM kit (Ambion, Austin, TX). Reverse transcription and PCR 
amplification was performed with a Perkin-Elmer Cetus DNA thermal Cycler (Perkin 
Elmer Corporation, Norwalk, CT). The final products were analyzed by 1% agarose gel 
electrophoresis.  
 
Cloning and Mutagenesis of the P. gingivalis uvrB Gene  
The 3.0 kb fragment carrying uvrB and flanking regions was PCR amplified from 
P. gingivalis W83 chromosomal DNA using primers P1 and P2 (Table 2.2.). This 
fragment was cloned into pCR®2.1-TOPO® plasmid vector (Invitrogen, Carlsbad, CA) 
and designated pFLL142. The ermF-ermAM antibiotic cassette was amplified from 
pVA2198 using Pfu turbo polymerase (Stratagene, La Jolla, CA) and ligated into the StuI 
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restriction site of uvrB. The resultant recombinant plasmid, designated pFLL143, was 
used in the electroporation of P. gingivalis W83 as previously described (1,16). 
 
Gingipain Activity Assay  
P. gingivalis extracellular protein extracts were prepared as previously reported 
(45). The presence of Arg-X and Lys-X activity was determined using a microplate 
reader (Bio-Rad Laboratories, Hercules, CA) according to the methods of Potempa et al., 
(39). 
 
Sensitivity to Hydrogen Peroxide and UV Irradiation 
  P. gingivalis strains were grown to early log phase [OD600 0.2] in BHI broth.  
Hydrogen peroxide at concentrations of 0.25 and 0.5 mM was then added to the cell 
cultures and further incubated for 20 h. The optical density at 600 nm was then measured 
at 4 h intervals over a 24 h period. Cell cultures without hydrogen peroxide were used as 
controls. UV sensitivity test was done as previously reported (1). 
 
Oligonucleotide Labeling and Annealing Procedures 
  Oligonucleotide fragments (see Table 2.3.) used in this study were synthesized by 
Synthegen (Houston, TX). Labeling and annealing procedures were performed as 
previously described (27).  
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Preparation of Crude Bacterial Extracts  
Bacterial protein extracts were prepared as previously described (27). Briefly, P. 
gingivalis cultures were grown overnight in BHI. A 1/10 dilution of each bacterial strain 
was made in fresh BHI medium and grown to an OD600 of 0.6. E. coli was grown in a 
similar manner under aerobic conditions. The cell pellets were collected by centrifugation 
(9,000 × g for 10 min at 4 °C) treated with protease inhibitors, resuspended in 5 ml of 50 
mM Tris-HCl (pH 8.0)-1 mM EDTA lysis buffer, and subjected to eight freeze-thaw 
cycles. Cell debris was removed by centrifugation at 12,000 × g for 20 min at 4 °C. The 
protein concentration of the supernatant was determined using the BCA protein assay kit 
(Pierce, Rockford, IL). 
 
Glycosylase Assay  
Labeled and annealed oligonucleotides (2 pmol) were incubated at 37 °C for 1h 
with P. gingivalis or E. coli cell extracts (2 µg) in a 1X enzyme buffer supplied with the 
Uracil DNA glycosylase (Ung) or Formamidopyrimidine-DNA glycosylase (Fpg) 
enzymes (Trevigen Inc., Gaithersburg, MD). An equal volume of loading buffer (98% 
formamide, 0.01 M EDTA, 1 mg/ml xylene cyanol, and 1 mg/ml bromophenol blue) was 
added to stop the reaction. 50 pmol of competitor oligonucleotide was added to each 
reaction mix and heated to 95 °C for 5 min to denature the duplex, after which it was 
resolved by gel electrophoresis. As controls, Fpg and Ung control reactions were 
performed according to Liu et al, (31). Briefly, 2 pmol of the specific oligonucleotide was 
incubated with 1 unit of the enzyme at 37 °C for 1h in reaction buffers provided by the 
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manufacturers. Cleavage of abasic sites after glcosylase treatment with Ung was 
performed by adding 5 µl 0.1 M NaOH for 30 min at 37 °C. 
 
Gel Electrophoresis and Analysis of Cleavage  
Reaction samples were loaded onto a 20% denaturing polyacrylamide gel (7 M 
urea) and run for 90 min at 500 V. The resulting bands corresponding to the cleavage 
products and uncleaved substrate was visualized using a Molecular Dynamics Phosphor 
Imager (Amersham, Biosciences, Piscataway, NJ) and ImageQuant 5.0 software. 
 
Pull-Down Assay 
DNA affinity fractionation was performed according to a modified method of 
Parham et al (38). Briefly, phosphoramidite was used to covalently attach 3 biotin 
molecules to each oligonucleotide using conventional coupling chemistry (Takaku et al., 
1986). The streptavidin-coupled super-paramagnetic polysterene beads (2.8-µm diameter; 
Invitrogen, Carlsbad, CA) were coupled with the O3 or O4 oligonucleotides (Table 2.3.). 
Oligonucleotide-attached beads were then incubated with 2 mg of the P. gingivalis 
FLL92 protein extract at 37 °C for 10 min. The mixture was then placed on the Dynal 
MPC-S magnetic particle concentrator (Invitrogen, Carlsbad, CA) for 3 min.  The 
supernatant was removed and 10 µl 0.1% SDS was added to the immobilized beads 
which was then incubated at 100 °C for 7 min. The supernatant was removed and 
concentrated using an Ultrafree-MC 5,000 NMWL centrifugal filter device (Millipore, 
Bedford, MA). Aliquots containing 50 ug of protein were prepared for SDS-PAGE. 
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Protein Fractionation and Digestion of Extracted P. gingivalis FLL92 
Protein  
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed with a 10% bis-Tris gel in 1X SDS-Page running buffer (BioRad, Hercules, 
CA) according to manufacturer’s instructions. The gels were run for 1.5 cm then stained 
with SimplyBlueTM Safe Stain (Invitrogen, Carlsbad, CA) to visualize bands. After 
briefly destaining in water, the gel was cut into seven equally-spaced slices (~2 mm each) 
for Trypsin digestion.  As a control, a gel slice was cut from a blank region of the gel and 
processed in parallel with the sample. The excised gel pieces were dehydrated in 
acetonitrile and dried in a vacuum centrifuge for 30 min. The proteins were reduced in 20 
ul of 20 mM dithiothreitol (DTT) in 100 mM NH4HCO3 (sufficient to cover the gel 
pieces) for 1 h at 60 °C. After cooling to room temperature, the DTT solution was 
replaced with an alkylating solution consisting of 20 µl of 200 mM iodoacetamide in 100 
mM NH4HCO3. After 30 min incubation at ambient temperature in the dark, the gel 
pieces were washed twice with 150 µl 100 mM NH4HCO3, finely minced with a flame 
sealed polypropylene pipette tip, dehydrated by the addition of acetonitrile and then dried 
in a vacuum centrifuge. The gel pieces were rehydrated and incubated overnight at 37 °C 
in 20 µl digestion buffer containing 0.1 µg of trypsin MS grade (Promega, Madison, WI) 
in 50 mM acetic acid with equal parts of 100 mM NH4HCO3.  The digestion was stopped 
with 10 µl, 5% formic acid. The digest solution (aqueous extraction) was transferred into 
a clean 0.65 ml siliconized tube. To the gel pieces, 30 µl of 50% acetonitrile with 5% 
formic acid was added, vortexed for 30 min, centrifuged, and then sonicated for 5 min. 
This process was repeated and both aqueous extractions were combined and concentrated 
to 10 µl in a vacuum centrifuge.  Peptides were extracted and purified using standard C18 
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ZipTip technology following the manufacturer’s directions (Millipore, Bedford, MA). 
The final volume of each preparation was 20 ul in 0.1% formic acid. 
 
Mass Spectrometry and Data Analysis  
The extracted peptides from each gel piece were analyzed using an LCQ Deca XP 
plus system (Thermo Finnigan, San Jose, CA) using nano-electrospray technology (New 
Objectives, Woburn, MA).  This consisted of reverse-phase C18 separation of peptides 
on a 10 cm x 75 µ capillary column with direct electrospray injection to the intake port of 
the LCQ.  MS and MS/MS analyses were accomplished with a 4-part protocol that 
consisted of one full MS analysis (from 150 to 2000 m/z) followed by 3 MS/MS events 
using data dependent acquisition, where the first most intense ion from a given full MS 
scan was subjected to CID followed by the second and third most intense ions (56).  With 
the cycle repeating itself approximately every 2 seconds the nanoflow buffer gradient was 
extended over 45 min using a 0 to 60% acetonitrile gradient from buffer B (95% 
acetonitrile with 0.1% formic acid) developed against buffer A (2% acetonitrile with 
0.1% formic acid) at a flow rate of 250-300 nl/min with a final 5 min 80% bump of 
buffer B before re-equilibration.  Flow stream splitting (1:1000) and a Scivex 10 port 
automated valve (Upchurch Scientific, Oak Harbor, WA) together with a Michrom 
nanotrap column (Michrom Bioresources, Auburn, CA) were used to move the 20 ul 
sample from the autosampler to the nanospray unit.  The positive ion mode was 
employed and the spray voltage and current was set at 2.2 kV and 5.0 µA and a capillary 
voltage of 25 V. The spray temperature was set at 160 °C for peptides. Data were 
collected with the Xcalibur software (Thermo Electron) and screened with Bioworks 3.1. 
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Peptide tandem mass spectra were processed by Turbo SEQUEST software (v.27 (rev. 
14, (c) 1999-2002)) to produce unfiltered dta and out files (24,25) for each analysis 
utilizing the latest version of the P. gingivalis fasta database available from NCBI (Jan 
2008).  Proteome Software’s SCAFFOLD 1.7. meta analysis software together with X! 
TANDEM (thegpm.org) was then used to statistically validate the peptide and protein 
findings of SEQUEST (60). Proteins were considered confidently identified when at least 
two different peptides were present at least at 95% probability and the protein probability 
was also at 95% or better. Individual peptide matches were then confirmed with the 
BLAST database at http://www.oralgen.lanl.gov. 
 
Results 
Inactivation of the uvrB Homolog in P. gingivalis W83   
A survey of the P. gingivalis genome (http://www.oralgen.lanl.gov) revealed the 
presence of a uvrB homolog which is 70% identical to E. coli uvrB. uvrB-defective 
isogenic mutants of P. gingivalis were created by allelic exchange mutagenesis. The 
recombinant plasmid pFLL143 carrying the ermF-ermAM cassette in the StuI restriction 
site of the uvrB gene was introduced into P. gingivalis W83 by electroporation. After 5 
days of incubation on selective media, several erythromycin-resistant colonies were 
observed and 8 were randomly chosen for further analysis. Similar to the wild-type, all 
colonies plated on Brucella blood agar were black-pigmented and exhibited beta-
hemolysis. Chromosomal DNA from these colonies and the wild-type W83 strain were 
analyzed by PCR to confirm the inactivation of the uvrB gene.  If the uvrB gene was 
inactivated by the ermF-ermAM cassette, a 5.1 kb fragment, should be amplified from the 
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erythromycin-resistant colonies using the P1 and P2 primers (Table 2.1.).  As shown in 
figure 2.1.A., a 5.1 kb band was observed in the erythromycin-resistant mutant in contrast 
to a 3.1 kb band observed in the wild-type P. gingivalis W83. Further, using primers P3 
and P4 the ermF-ermAM cassette was amplified only from erythromycin-resistant P. 
gingivalis mutants (figure 2.1.B.). Chromosomal DNA from 3 randomly chosen colonies 
and the wild-type W83 strain was digested with BamHI and subjected to Southern blot 
analysis. If uvrB was interrupted by the ermF-ermAM cassette, a 10 kb fragment should 
be observed in contrast to an 8 kb fragment in W83 when probed with DIG labeled uvrB. 
In addition, hybridization performed with DIG-labeled ermF-ermAM (2.1 kb) should 
yield a 10 kb fragment in only the erythromycin-resistant mutants. The expected 
hybridizing fragment was observed in the mutants.  Additionally, the ermF-ermAM probe 
did not hybridize to wild-type chromosomal DNA.  One mutant designated P. gingivalis 
FLL144 was randomly chosen for further study.  The growth rate of FLL144 in BHI 
broth was similar to the wild-type P. gingivalis W83 strain.  Collectively, these data 
indicated that uvrB in P. gingivalis FLL144 was inactivated with the ermF-ermAM 
cassette and that uvrB inactivation had no effect on black-pigmentation, beta-hemolysis 
and growth rate under normal experimental conditions. 
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Figure 2.1. Inactivation of P. gingivalis uvrB by allelic mutagenesis   
PCR amplification was used to determine the inactivation of the P. gingivalis uvrB gene 
in seven P. gingivalis erythromycin-resistant colonies.  Panel A; lanes 1-7, primers P1 
and P2 (Table 2) were used to amplify the 5.1 kb uvrB::ermF-ermAM cassette, lane 8 
consisted of pFLL143 and lane 9, P. gingivalis wild-type W83 both using P1 and P2 
primers (Table 2).  Panel B; lanes 1-7, amplification of ermF-ermAM cassette from 7 
erythromycin-resistant colonies using P3 and P4 primers; lanes 8, amplification of ermF-
ermAM cassette from pFLL143; lanes 9 and lanes 10 were pVA2198 and P. gingivalis 
W83 respectively. 
5.1 kb 
3.1 kb 
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B 
1    2    3    4    5    6    7    8    9 
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RT-PCR Confirmation of uvrB Inactivation in P. gingivalis FLL144 
To further confirm the inactivation of uvrB in P. gingivalis FLL144, total RNA 
was isolated from the wild-type W83 and the uvrB-defective mutant FLL144 was grown 
to mid-log phase [OD600 0.6-0.8]. Specific intragenic oligonucleotide primers (P5 and P6, 
Table 2.2.) for amplification of uvrB was used in RT-PCR analysis. P5 and P6 primers 
specific for uvrB should yield a 1.2 kb fragment only in the wild-type W83 strain. As 
shown in figure 2.2., a 1.2 kb fragment was amplified in the wild-type using the primers 
P5 and P6. As expected, there was no amplified fragment corresponding to uvrB in 
pFLL144.  In addition, no amplification was observed for either the wild-type strain W83 
or the uvrB-defective mutant FLL144 in the absence of the reverse transcriptase. As a 
control, the vimA gene was observed in both P. gingivalis strains (figure 2.2., lanes 2 and 
4). Taken together, these data confirm the inactivation of uvrB in P. gingivalis FLL144. 
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Figure 2.2. RT-PCR analysis of P. gingivalis W83 and P. gingivalis FLL144 
DNase treated total RNA extracted from P. gingivalis strains W83 and FLL144 were 
subjected to RT-PCR. Lanes 1 and 3, primers P5 and P6 (Table 2) were used to amplify 
the 1.2 kb uvrB gene from P. gingivalis W83 and FLL144, respectively; Lanes 2 and 4, 
primers P7 and P8 (Table 2) were used to amplify the 0.9 kb vimA gene from P. 
gingivalis W83 and FLL144, respectively; Lanes 5 - 8, no RT negative controls for uvrB 
and vimA from P. gingivalis W83 and FLL144 respectively. All lanes contained 10 µl of 
amplified mixture.  
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Gingipain Activity is Unaffected by Inactivation of uvrB 
Because the gingipains are known to be associated with oxidative stress resistance 
(29), P. gingivalis W83 and FLL144 were assayed for gingipain activity using α-benzoyl-
DL-arginine p-nitroanilide (BAPNA) and z-lysine ρ-nitroanilide (ALNA). In late 
exponential growth phase cultures, both arginine-X and lysine-X proteolytic activities 
were similar for both P. gingivalis strains, suggesting that the inactivation of uvrB does 
not significantly affect gingipain activity (figure 2.3.A. and 2.3.B.). 
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Figure 2.3.  Proteolytic activity of P. gingivalis FLL144  
P. gingivalis strains were grown to late log phase OD600 of 1.2 in 50 ml of BHI broth 
supplemented with hemin and vitamin K. Panel A; whole cell culture was analyzed for 
Rgp (BAPNA) activity. Panel B; whole cell culture was analyzed for Kgp (ALNA) 
activity. The results shown are representative of 3 independent experiments performed in 
triplicate. 
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Inactivation of uvrB Increases UV Sensitivity of P. gingivalis 
The uvrB gene plays a significant role in NER repair in E. coli and other bacteria 
(46). Further, it is documented that the NER mechanism functions primarily in the repair 
of UV-induced DNA damage (26,36,57). Therefore, the role of uvrB in the sensitivity to 
UV damage in P. gingivalis was examined. P. gingivalis W83, FLL144, and FLL32 
(recA-defective isogenic mutant) were exposed to UV radiation at energies of 500 µJ and 
1000 µJ. P. gingivalis FLL32 was used as a positive control as this mutant has been 
shown to demonstrate sensitivity to UV radiation (16).  At 500 µJ, there was a 59% 
reduction in the number of the wild-type W83 colonies compared to a 99% and 98% 
reduction in the uvrB-deficient mutant colonies and recA-defective isogenic mutant, 
respectively (figure 2.4.). Similarly, at 1000 µJ there was an 83% reduction in the number 
of wild-type W83 colonies compared to a 98% and 99% reduction in the uvrB-deficient 
mutant colonies and the recA-defective isogenic mutant, respectively. Taken together, 
these data show that under similar physiological conditions the uvrB-defective mutant is 
markedly more sensitive to UV exposure than the wild-type W83.  
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Figure 2.4. UV sensitivity of P. gingivalis is increased by inactivation of uvrB  
P. gingivalis strains W83 and FLL144 were grown to mid log phase (OD600 of 0.6) 
spread on BHI plates then subjected to irradiation at increasing doses (0 µJ, 500 µJ and 
1000 µJ) of UV in a Stratalinker 2400 (Stratagene, La Jolla, CA). After a 7 - 10 day 
incubation surviving colonies were counted and compared to untreated plates. The results 
are representative of 3 independent experiments. Error bars represent standard error of 
the means (SEM). 
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Effect of UvrB on the Sensitivity of P. gingivalis to Hydrogen 
Peroxide    
P. gingivalis W83 and the isogenic mutant P. gingivalis FLL144 were evaluated 
for their sensitivity to hydrogen peroxide.   Both the parent strain and P. gingivalis 
FLL144 showed similar profiles of sensitivity to both concentrations (0.25 and 0.5 mM) 
of hydrogen peroxide tested (figure 2.5.A. and 2.5.B.).  Collectively, these data suggest 
that the inactivation of the uvrB gene does not affect the sensitivity P. gingivalis to 
hydrogen peroxide.   
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Figure 2.5. Sensitivity of P. gingivalis strains W83 and FLL144 to hydrogen peroxide  
P. gingivalis was grown to early log phase (OD600 of 0.2) in BHI broth and 0.25 mM 
(Panel A) or 0.5 mM (Panel B) H2O2  was then added to the cell cultures and further 
incubated for 24 h.  Cell cultures without H2O2 were used as controls. The results shown 
are representative of 3 independent experiments. 
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8-oxoG Repair Activity is Similar in Both Wild-type and Mutant P. 
gingivalis Strains  
The possibility of a NER-like repair mechanism is raised because the  repair of 
the 8-oxoG lesion involves DNA cleavage several bases away from the damaged base 
(27).  P. gingivalis W83 and the isogenic mutant P. gingivalis FLL144 were assessed for 
enzymatic removal of 8-oxoG.  Bacterial extracts from the P. gingivalis isogenic strains 
grown in the presence or absence of hydrogen peroxide were used in glycosylase assays 
with a [ -32P]ATP-5'-end-labeled 8-oxodG:C-containing oligonucleotide (24-mer) (Table 
2.3.). As shown in figure 2.6.A., the Fpg enzyme generated a 12 mer fragment. 
Additionally, a cleavage product of 17 bases was seen in both the P. gingivalis strains 
W83 and FLL144 (figure 2.6.A., lanes 1-4). In a similar assay using a [ -32P]ATP-5'-end-
labeled 8-oxodG:C-containing 50 mer oligonucleotide, Fpg generated a 25 mer cleavage 
fragment. Interestingly, a 28 mer cleavage product was observed in P. gingivalis strains 
W83 and FLL144 even though the level of activity of the removal of 8-oxoG at those 
conditions seemed to be different (figure 2.6.B.). As a control, the removal of uracil was 
also examined using the same extracts. As shown in figure 2.6.C., the level of activity for 
Ung was similar for both P. gingivalis strains. Taken together, these data suggests that 
the inactivation of uvrB in P. gingivalis W83 does not affect the removal of 8-oxoG 
regardless of the size of the oligonucleotide. 
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Figure 2.6. 8-oxoG and uracil removal activities of P. gingivalis strains W83 and FLL144 
cell extracts. 
[γ-32P]-ATP 5’-end labeled oligonucleotides (Ol) were incubated with P. gingivalis 
extracts for 1h (Fpg) or 1 min (Ung), electrophoresed and visualized.  Panel A; Lane with 
negative control contained Ol; Lane with positive control contained Ol and Fpg enzyme; 
Lane 1 contained Ol and treated P. gingivalis W83 extract; Lane 2 contained Ol and 
treated P. gingivalis FLL144 extract; Lane 3 contained Ol and P. gingivalis W83 extract; 
and Lane 4 contained Ol and P. gingivalis FLL144 extract. Panel B; [γ-32P]-ATP 5’-end 
labeled oligonucleotides (O3 and O4) were incubated with P. gingivalis extracts for 20 
min, electrophoresed and visualized. Lanes with negative control contained O4 and Fpg 
enzyme; Lane with positive control contained O3 and Fpg enzyme; Lane 1 contained O4 
and treated P. gingivalis W83 extract; Lane 2 contained O3 and treated P. gingivalis W83 
extract; Lane 3 contained O4 and treated P. gingivalis FLL144; and Lane 4 contained O3 
and treated P. gingivalis FLL144 extract. Panel C; Positive control contained U1 and Ung 
enzymes; Lane 1 contains U1 and P. gingivalis W83 extract; Lane 2 contains U1 and P. 
gingivalis FLL144 extract. 
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Identification of Proteins Bound to 8-oxoG Containing 
Oligonucleotides Using Mass Spectrometry Analysis  
 Chromosomal DNA from P. gingivalis FLL92 exposed to hydrogen peroxide 
revealed higher levels of 8-oxoG in addition to increased repair activity in cell extracts 
when compared to those from the parent strain (27). Therefore, DNA affinity 
fractionation was performed to further identify a role for other putative unique protein(s) 
in the repair of 8-oxoG lesions in P. gingivalis.  Oligonucleotide fragments carrying the 
8-oxoG lesion (O3) was incubated with protein extracts from P. gingivalis FLL92, 
exposed to hydrogen peroxide. As a negative control, the protein extracts were also 
incubated with the normal oligonucleotide (O4) and with the beads only. The extracted 
peptides were analyzed by mass spectrometry.  A total of more than 50,000 MS/MS 
spectra were acquired when searched against the P. gingivalis proteome using Bioworks 
Browser 3.1 SR1 ALPHA7 software (60). More than 500 peptides were identified, with 
35 peptides representing unique spectra for the 16 proteins listed in Table 2.4. (4 to 23% 
coverage). These proteins were different from those that were attached to the control 
oligonucleotides without the 8-oxoG lesion. Because the probability of protein 
identification from tandem mass spectra is a direct function of peptide identification,  we 
tested for false identifications by using a decoy database consisting of both, the forward 
(correct) and the reversed (decoy) protein sequences (12,24).  Peptides that matched the 
reversed and/or the forward sequence were considered to be false positives.  When 
applying these criteria, the rate of false positive identification was < 1% (12,15) .  There 
were none for the 16 proteins listed in Table 2.4. We therefore concluded that any false 
positive identification determined did not have a significant impact on the analysis 
results.  From this data, of particular interest, was a conserved hypothetical protein 
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PG1037.  This protein seems to be part of an operon which is flanked by two genes 
PG1036 (uvrA) involved in DNA replication, recombination and repair, and PG1038 
(prcA), an ATP-dependent DNA helicase (DNA helicase II), also involved in DNA 
replication, recombination and repair. Taken together, these data suggest that a unique 
mechanism may be involved in the repair of 8-oxoG lesion in P. gingivalis. 
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Table 2.1. Plasmids and bacterial strains used in this study 
Plasmids                                Phenotype/Description                      Source 
 
pCR-XL-TOPO Apr, Kmr Invitrogen 
pVA2198 Spr ,  ermF-ermAM (17) 
 
Bacterial strains 
 
Porphyromonas gingivalis 
 
W83  Wild-type (1) 
FLL32  recA-defective (2) 
FLL92  vimA-defective (1) 
FLL144  uvrB-defective This study 
 
Escherichia coli 
 
DH5α  F- f80dlacZD M15  D(lacZYA-argF) U169 recA1  
endA1 hsdR17(rk-, mk+) phoA supE44 l - thi-1 
gyrA96 relA1 
Invitrogen 
 
Top10  F- mcrA D (mrr-hsdRMS-mcrBC) f80lacZD   
M15  DlacX74 recA1 ara 139 D (ara-leu)7697  
galU galK rpsL (StrR) endA1 nupG 
Invitrogen 
 
XL1-Blue XL1-Blue strain: recA1 endA1 gyrA96 thi-1   
 hsdR17 supE44 relA1 lac [F'proAB  
lacIqZΔM15Tn10(Tetr)]         
Stratagene 
_________________________________________________________________ 
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Table 2.2. Oligonucleotide primers used in this study  
 
Primers            Oligonucleotide Sequence Characteristics  
P1 5’-GGA AAA CAC ACT CTT GCA GC-3’   uvrB 3.0 forward 
 
P2 5’-GCC GTT CCT ATC ATC TTT GC-3’    uvrB 3.0 reverse 
 
P3 5’-AAT TAG GCC TTA GTA ACG TGT AAC TTT-3’  ermF 2.1 right 
 
P4 5’-TAT TAG GCC TAT AGC TTC CGC TATT-3’  ermF 2.1 left 
 
P5 5’-ATG CGG TGG AGT ATT TCG TC-3’   uvrB 1.2 forward 
 
P6 5’-ATG TAG CCG GTG CTG ATA CC-3’   uvrB 1.2 reverse 
 
P7 5’-ATG CCC ATC CCT CTA TAC CTG-3’   vimA forward 
 
P8 5’-TAC CTG TTT TTG CTG ACC GG-3’   vimA reverse 
________________________________________________________________________ 
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Table 2.3. Oligonucleotide sequences used in this study  
  
O1    
5’-GGCTATCGTGGCXGGCCACGACGG-3’ 
3’-CCGATAGCACCGCCCGGTGCTGCC-5’ 
 
O2    
5’-GGCTATCGTGGCXGGCCACGACGG-3’ 
3’-CCGATAGCACCGACCGGTGCTGCC-5’ 
 
O3  
5’-GACTACGTACTGTTACGGCTCCATCXCTACCGCATTCAGGCCAGATCTGC-3’ 
3’-CTGATGCATGACAATGCCGAGGTAGCGATGGCGTAAGTCCGGTCTAGACG-5’ 
 
O4 
5’-GACTACGTACTGTTACGGCTCCATCGCTACCGCATTCAGGCCAGATCTGC-3’ 
3’-CTGATGCATGACAATGCCGAGGTAGCGATGGCGTAAGTCCGGTCTAGACG-5’ 
 
X: 8-oxoG (O1, O3), or U1 (O2)        
___________________________________________________________________________
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Table 2.4. Proteins identified by mass spectrometry analysis 
FLL92 + 8oxo 
GENE ID GENE NAME FUNCTIONAL ROLE Other roles 
PG0553 Extracellular protease, putative Protein fate; Degradation of proteins, peptides 
and glycopeptides   
ATP synthesis coupled proton transport 
PG0514▲ Preprotein translocase subunit SecA Protein fate; Protein and peptide secretion and 
trafficking   
Nucleic acid binding helicase activity; protein 
binding; ATP binding 
PG0052▲ Histidine kinase sensor protein Uncategorized  Two-component sensor activity; protein histidine 
kinase activity; ATP binding; transferase activity 
PG0295■ DNA processing protein subunit A 
(Smf family) 
Cellular processes DNA replication, recombination, 
and repair;  Intracellular trafficking and secretion 
PG1576* L-aspartate oxidase (quinolinate 
synthetase B) 
Biosynthesis of cofactors, prosthetic groups 
and carriers; Pyridine nucleotides   
L-aspartate oxidase activity; Oxidoreductase 
activity 
PG1487† Hypothetical protein Unknown; Hypothetical   
PG1951 Glutaminyl-tRNA synthetase Translation; Aminoacyl-tRNA synthetases   Aminoacyl-tRNA ligase activity; glutamate-tRNA 
ligase activity; glutamine-tRNA ligase activity; 
ATP binding 
PG1657* Methylmalonyl-CoA mutase beta 
subunit 
Fatty acid and phospholipid metabolism; 
Degradation  
Isomerase activity; intramolecular transferase 
activity; cobalamin binding; metal ion binding 
PG0565† Hypothetical protein Unknown; Hypothetical   
PG1341† Hypothetical protein Unknown; Hypothetical   
PG2143* yphC  Probable GTP binding protein Monooxygenase activity; iron ion binding; GTP 
binding; heme binding 
PG1037*† Conserved hypothetical protein Unknown  Zinc ion binding 
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Table 2.4. (continued) 
 
 FLL92 + 8oxo 
 
 
*correlation with microarray data (not shown) 
▲binding and transferase activity 
†hypothetical proteins 
■DNA replication, recombination and repair
GENE ID GENE NAME FUNCTIONAL ROLE Other roles 
PG1985■† CRISPR-associated TM1792 family 
protein 
Unknown; Hypothetical  RAMP (Repair Associated Mysterious Proteins) 
  
PG0685*▲ ABC transport component, ATPase 
component 
Transport and binding   Nucleotide binding; ATP binding; ATPase activity; 
nucleoside-triphosphatase activity 
 
PG1937 50S ribosomal protein L4 
 
Translation; Ribosomal proteins   
 
 
PG0690* Cat2 – 4-hydroxybutyrate coenzyme 
A transferase 
Catalytic activity Acetyl-CoA metabolic process 
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Discussion 
 In this study we have examined the role of the P. gingivalis uvrB gene in the 
repair of oxidative stress-induced DNA damage.  UvrB is a significant part of an 
important complex of proteins that function via NER in the repair of UV irradiation-
induced DNA damage or bulky lesions sometimes induced by ROS (6,22,55). P. 
gingivalis has a single uvrB gene which is highly homologous to the uvrB gene from 
other organisms including Parabacteroides distasonis (72%) and  Bacteroides fragilis 
(67%)  (http:// blast.ncbi.nlm.nih.gov/Blast.cgi). The possibility that a NER-like repair 
mechanism, which is also known to repair similar lesions, was raised because enzymatic 
removal of 8-oxoG in P. gingivalis occurred by DNA cleavage several bases away from 
the lesion (27). Similar to other organisms (40,51), uvrB in P. gingivalis appears to play 
the expected role as the uvrB-defective mutant was more sensitive to UV irradiation 
compared to the wild-type strain. There was, however, no difference in the sensitivity to 
oxidative stress in the uvrB-defective mutant (FLL144) compared to the wild-type, 
suggesting that UvrB is not involved in oxidative stress resistance in P. gingivalis.  
Repair of oxidative stress-induced DNA damage was similar for both the wild-type and 
P. gingivalis FLL144, the uvrB-defective mutant.  This further correlated with their 
similarity in sensitivity to hydrogen peroxide. Taken together, this may indicate that the 
uvrB–dependent NER system is not used in P. gingivalis to remove 8-oxoG. Instead, a 
yet to be described mechanism(s) might be involved in this process. In bacteria, 
redundant mechanism(s) are observed to play a role in DNA repair (34,54,58). In a 
limited number of microorganisms, there is evidence of an additional excision repair 
pathway, alternative excision repair (AER) (3,19,59). Repair is catalyzed by a UV DNA 
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damage endonuclease that binds a wide spectrum of DNA lesions.  This protein nicks 
immediately 5’ to a lesion, leaving a 5’-phosphate and a 3’-OH.  The remaining repair is 
acted upon by enzymes that degrade the damaged displaced fragment, followed by DNA 
synthesis filling in the resulting gap, and finally ligation.  Because our studies have 
demonstrated a nick 3’ to the damaged base (27), it is unlikely (although it cannot be 
ruled out) that AER is functional under these experimental conditions in P. gingivalis 
exposed to hydrogen peroxide.  In preliminary microarray studies (data not shown), we 
have observed the upregulation of a putative exonuclease gene in cells exposed to 
hydrogen peroxide.  This enzyme could be associated with a methyl-directed mismatch 
repair (MMR) system that has also been demonstrated to play a role in the repair of 8-
oxoG (58). In E. coli, this system is initiated by the binding of MutS to the mismatch.  
MutL binds to MutS and MutH to a nearby d(GATC) recognition sequence [reviewed in 
(43)]. An incision is made by MutH 5’ to the d(GATC) sequence on the unmethylated 
strand and the nicked strand is displaced by the combined activities of the MutS, MutL 
and MutU, a helicase. The displaced DNA strand is degraded by a specific exonuclease 
which is dependent on the position of the incision relative to the mismatch repair. The 
final repair involves a single-strand binding protein, DNA polymerase and DNA ligase 
for filling in the gap left by the excision. In our preliminary studies, we have observed the 
upregulation of MutS in P. gingivalis exposed to hydrogen peroxide.  Because both 
oligonucleotides carrying the 8-oxoG lesion had a similar cleavage profile and only one 
had a d(GATC) sequence, it is unclear if this mechanism may be functional in P. 
gingivalis for the repair of oxidative stress-induced DNA damage. In addition, there is no 
MutH homolog in the P. gingivalis genome (http://www.oralgen.lanl.gov).  Further 
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studies are in progress to investigate a role for the putative exonuclease and MutS in the 
repair of oxidative stress-induced DNA damage in P. gingivalis.  
8-oxoG lesion-specific binding proteins may help clarify a role for specific 
proteins in the repair process. Several specific proteins were observed to bind to the 
oligonucleotide carrying the 8-oxoG lesion. Of specific interest is the novel hypothetical 
protein PG1037 which is part of the uvrA-pg1037-prcA operon. prcA, is a putative ATP-
dependent DNA helicase (DNA helicase II), also involved in DNA replication, 
recombination and repair (http://www.oralgen.lanl.gov). Preliminary microarray analysis 
has also demonstrated that this operon is upregulated in P. gingivalis exposed to 
hydrogen peroxide-induced oxidative stress (data not shown). In P. gingivalis, there are 
two UvrA paralogues that share 42% homology (http://www.oralgen.lanl.gov). It is likely 
that one UvrA paralogue may be associated with UvrB while the other (PG1036) may be 
involved with PG1037.  There is no homology between UvrB and PG1037.  Taken 
together, it may be possible that the UvrA paralogues have distinct DNA repair activities 
which are dependent on the specific interacting protein pairs.  Paralogues with distinct 
activities in DNA repair have been observed in other organisms (9). This is under further 
investigation in the laboratory.  It is also likely that a protein complex may be involved in 
the repair of the 8-oxoG lesions. While we cannot rule out non-specific protein-protein 
interactions, several of the 8-oxoG lesion-specific binding proteins have putative 
functions that include ATP and metal ion binding and oxidoreductase activity.  The 
presence of these proteins would be consistent with a DNA repair activity that would 
most likely be ATP and metal ion dependent (20).  Also, this would further support our 
previous observations that BER, an ATP-independent mechanism, is not involved in the 
 104 
repair of 8-oxoG lesions in P. gingivalis (27). Further clarification of the role of these 
proteins is being investigated. 
In conclusion, we have evaluated a P. gingivalis uvrB-defective mutant for its 
response to oxidative stress and its ability to repair one of the more common lesions, 8-
oxoG, induced under those conditions. While DNA repair is one of the most highly 
conserved biological processes, it is likely that a novel mechanism may be utilized for the 
repair of 8-oxoG in P. gingivalis.  Further studies are needed to delineate a role for the 8-
oxoG lesion-specific binding proteins in DNA repair in P. gingivalis. Also, the 
determination of a role for these proteins in the pathogenicity of this organism and other 
anaerobes may have implications for novel therapeutic strategies.       
 
Acknowledgements 
 This work was supported by the Loma Linda University School of Dentistry and 
Public Health Service grants DE13664 to H.M.F. from the National Institute of Dental 
and Craniofacial Research. 
We thank Dr. Lawrence Sandberg for his assistance in the Mass Spectrometry 
analysis section of this paper. 
 105 
References 
 
1.  Abaibou, H., Z. Chen, G. J. Olango, Y. Liu, J. Edwards, and H. M. Fletcher. 
2001. vimA gene downstream of recA is involved in virulence modulation in 
Porphyromonas gingivalis W83. Infect. Immun. 69:325-335. 
2.  Abaibou, H., Q. Ma, G. J. Olango, J. Potempa, J. Travis, and H. M. Fletcher. 
2000. Unaltered expression of the major protease genes in a non-virulent recA-
defective mutant of Porphyromonas gingivalis W83. Oral Microbiol. Immunol. 
15:40-47. 
3.  Alleva, J. L., S. Zuo, J. Hurwitz, and P. W. Doetsch. 2000. In vitro reconstitution 
of the Schizosaccharomyces pombe alternative excision repair pathway. 
Biochemistry 39:2659-2666. 
4.  Amano, A., T. Ishimoto, H. Tamagawa, and S. Shizukuishi. 1992. Role of 
superoxide dismutase in resistance of Porphyromonas gingivalis to killing by 
polymorphonuclear leukocytes. Infect. Immun. 60:712-714. 
5.  Baillon, M. L., A. H. van Vliet, J. M. Ketley, C. Constantinidou, and C. W. 
Penn. 1999. An iron-regulated alkyl hydroperoxide reductase (AhpC) confers 
aerotolerance and oxidative stress resistance to the microaerophilic pathogen 
Campylobacter jejuni. J. Bacteriol. 181:4798-4804. 
6.  Batty, D. P. and R. D. Wood. 2000. Damage recognition in nucleotide excision 
repair of DNA. Gene 241:193-204. 
7.  Boiteux, S., T. R. O'Connor, and J. Laval. 1987. Formamidopyrimidine-DNA 
glycosylase of Escherichia coli: cloning and sequencing of the fpg structural gene 
and overproduction of the protein. EMBO J 6:3177-3183. 
8.  Boiteux, S. and J. P. Radicella. 1999. Base excision repair of 8-hydroxyguanine 
protects DNA from endogenous oxidative stress. Biochimie 81:59-67. 
9.  Carpenter, E. P., A. Corbett, H. Thomson, J. Adacha, K. Jensen, J. Bergeron, 
I. Kasampalidis, R. Exley, M. Winterbotham, C. Tang, G. S. Baldwin, and P. 
Freemont. 2007. AP endonuclease paralogues with distinct activities in DNA 
repair and bacterial pathogenesis. EMBO J. 26:1363-1372. 
10.  Chapple, I. L. 1996. Role of free radicals and antioxidants in the pathogenesis of 
the inflammatory periodontal diseases. Clin. Mol. Pathol. 49:M247-M255. 
11.  Choi, J. I., N. Takahashi, T. Kato, and H. K. Kuramitsu. 1991. Isolation, 
expression, and nucleotide sequence of the sod gene from Porphyromonas 
gingivalis. Infect. Immun. 59:1564-1566. 
 106 
12.  de Godoy, L. M., J. V. Olsen, G. A. de Souza, G. Li, P. Mortensen, and M. 
Mann. 2006. Status of complete proteome analysis by mass spectrometry: SILAC 
labeled yeast as a model system. Genome Biol. 7:R50. 
13.  Demple, B. and L. Harrison. 1994. Repair of oxidative damage to DNA: 
enzymology and biology. Annu. Rev. Biochem. 63:915-948. 
14.  Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive set of 
sequence analysis programs for the VAX. Nucleic Acids Res. 12:387-395. 
15.  Feng, J., D. Q. Naiman, and B. Cooper. 2007. Probability-based pattern 
recognition and statistical framework for randomization: modeling tandem mass 
spectrum/peptide sequence false match frequencies. Bioinformatics. 23:2210-2217. 
16.  Fletcher, H. M., R. M. Morgan, and F. L. Macrina. 1997. Nucleotide sequence 
of the Porphyromonas gingivalis W83 recA homolog and construction of a recA-
deficient mutant. Infect. Immun. 65:4592-4597. 
17.  Fletcher, H. M., H. A. Schenkein, R. M. Morgan, K. A. Bailey, C. R. Berry, and 
F. L. Macrina. 1995. Virulence of a Porphyromonas gingivalis W83 mutant 
defective in the prtH gene. Infect. Immun. 63:1521-1528. 
18.  Fowler, R. G., S. J. White, C. Koyama, S. C. Moore, R. L. Dunn, and R. M. 
Schaaper. 2003. Interactions among the Escherichia coli mutT, mutM, and mutY 
damage prevention pathways. DNA Repair (Amst) 2:159-173. 
19.  Freyer, G. A., S. Davey, J. V. Ferrer, A. M. Martin, D. Beach, and P. W. 
Doetsch. 1995. An alternative eukaryotic DNA excision repair pathway. Mol. Cell 
Biol. 15:4572-4577. 
20.  Friedberg, E. C., G. C. Walker, W. Siede, R. D. Wood, R. A. Schultz, and T. 
Ellenberger. 2006. DNA Repair and Mutagenesis. ASM press, Washington, DC 
20036-2904. 
21.  Grollman, A. P. and M. Moriya. 1993. Mutagenesis by 8-oxoguanine: an enemy 
within. Trends Genet. 9:246-249. 
22.  Hanada, K., M. Iwasaki, S. Ihashi, and H. Ikeda. 2000. UvrA and UvrB suppress 
illegitimate recombination: synergistic action with RecQ helicase. Proc. Natl. Acad. 
Sci. U. S. A 97:5989-5994. 
23.  He, J., H. Miyazaki, C. Anaya, F. Yu, W. A. Yeudall, and J. P. Lewis. 2006. 
Role of Porphyromonas gingivalis FeoB2 in metal uptake and oxidative stress 
protection. Infect. Immun. 74:4214-4223. 
 107 
24.  Higdon, R., J. M. Hogan, B. G. Van, and E. Kolker. 2005. Randomized sequence 
databases for tandem mass spectrometry peptide and protein identification. OMICS. 
9:364-379. 
25.  Higdon, R. and E. Kolker. 2007. A predictive model for identifying proteins by a 
single peptide match. Bioinformatics. 23:277-280. 
26.  Jeggo, P. A. 1998. DNA breakage and repair. Adv. Genet. 38:185-218. 
27.  Johnson, N. A., R. McKenzie, L. McLean, L. C. Sowers, and H. M. Fletcher. 
2004. 8-oxo-7,8-dihydroguanine is removed by a nucleotide excision repair-like 
mechanism in Porphyromonas gingivalis W83. J. Bacteriol. 186:7697-7703. 
28.  Konola, J. T., K. E. Sargent, and J. B. Gow. 2000. Efficient repair of hydrogen 
peroxide-induced DNA damage by Escherichia coli requires SOS induction of 
RecA and RuvA proteins. Mutat. Res. 459:187-194. 
29.  Kuramitsu, H. K. 1998. Proteases of Porphyromonas gingivalis: what don't they 
do? Oral Microbiol. Immunol. 13:263-270. 
30.  Lamont, R. J. and H. F. Jenkinson. 1998. Life below the gum line: pathogenic 
mechanisms of Porphyromonas gingivalis. Microbiol. Mol. Biol. Rev. 62:1244-
1263. 
31.  Liu, P., A. Burdzy, and L. C. Sowers. 2003. Repair of the mutagenic DNA 
oxidation product, 5-formyluracil. DNA Repair (Amst) 2:199-210. 
32.  Lu, A. L., X. Li, Y. Gu, P. M. Wright, and D. Y. Chang. 2001. Repair of 
oxidative DNA damage: mechanisms and functions. Cell Biochem. Biophys. 
35:141-170. 
33.  Lynch, M. C. and H. K. Kuramitsu. 1999. Role of superoxide dismutase activity 
in the physiology of Porphyromonas gingivalis. Infect. Immun. 67:3367-3375. 
34.  Martins-Pinheiro, M., R. S. Galhardo, C. Lage, K. M. Lima-Bessa, K. A. Aires, 
and C. F. Menck. 2004. Different patterns of evolution for duplicated DNA repair 
genes in bacteria of the Xanthomonadales group. BMC. Evol. Biol. 4:29. 
35.  Miller, R. A. and B. E. Britigan. 1997. Role of oxidants in microbial 
pathophysiology. Clin. Microbiol. Rev. 10:1-18. 
36.  Modrich, P. and R. Lahue. 1996. Mismatch repair in replication fidelity, genetic 
recombination, and cancer biology. Annu. Rev. Biochem. 65:101-133. 
37.  Nelson, K. E., R. D. Fleischmann, R. T. DeBoy, I. T. Paulsen, D. E. Fouts, J. A. 
Eisen, S. C. Daugherty, R. J. Dodson, A. S. Durkin, M. Gwinn, D. H. Haft, J. F. 
Kolonay, W. C. Nelson, T. Mason, L. Tallon, J. Gray, D. Granger, H. Tettelin, 
 108 
H. Dong, J. L. Galvin, M. J. Duncan, F. E. Dewhirst, and C. M. Fraser. 2003. 
Complete genome sequence of the oral pathogenic bacterium Porphyromonas 
gingivalis strain W83. J Bacteriol. 185:5591-5601. 
38.  Parham, N. J., F. J. Picard, R. Peytavi, M. Gagnon, G. Seyrig, P. A. Gagne, M. 
Boissinot, and M. G. Bergeron. 2007. Specific magnetic bead based capture of 
genomic DNA from clinical samples: application to the detection of group B 
streptococci in vaginal/anal swabs. Clin. Chem. 53:1570-1576. 
39.  Potempa, J., J. Mikolajczyk-Pawlinska, D. Brassell, D. Nelson, I. B. Thogersen, 
J. J. Enghild, and J. Travis. 1998. Comparative properties of two cysteine 
proteinases (gingipains R), the products of two related but individual genes of 
Porphyromonas gingivalis. J. Biol. Chem. 273:21648-21657. 
40.  Rivera, E., L. Vila, and J. Barbe. 1996. The uvrB gene of Pseudomonas 
aeruginosa is not DNA damage inducible. J. Bacteriol. 178:5550-5554. 
41.  Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. U. S. A 74:5463-5467. 
42.  Sawamoto, Y., N. Sugano, H. Tanaka, and K. Ito. 2005. Detection of 
periodontopathic bacteria and an oxidative stress marker in saliva from periodontitis 
patients. Oral Microbiol. Immunol. 20:216-220. 
43.  Schofield, M. J. and P. Hsieh. 2003. DNA mismatch repair: molecular 
mechanisms and biological function. Annu. Rev. Microbiol. 57:579-608. 
44.  Sekiguchi, M. and T. Tsuzuki. 2002. Oxidative nucleotide damage: consequences 
and prevention. Oncogene 21:8895-8904. 
45.  Sheets, S. M., J. Potempa, J. Travis, H. M. Fletcher, and C. A. Casiano. 2006. 
Gingipains from Porphyromonas gingivalis W83 synergistically disrupt endothelial 
cell adhesion and can induce caspase-independent apoptosis. Infect. Immun. 
74:5667-5678. 
46.  Skorvaga, M., K. Theis, B. S. Mandavilli, C. Kisker, and B. Van Houten. 2002. 
The beta -hairpin motif of UvrB is essential for DNA binding, damage processing, 
and UvrC-mediated incisions. J. Biol. Chem. 277:1553-1559. 
47.  Smalley, J. W., A. J. Birss, and J. Silver. 2000. The periodontal pathogen 
Porphyromonas gingivalis harnesses the chemistry of the mu-oxo bishaem of iron 
protoporphyrin IX to protect against hydrogen peroxide. FEMS Microbiol. Lett. 
183:159-164. 
48.  Smalley, J. W., J. Silver, P. J. Marsh, and A. J. Birss. 1998. The 
periodontopathogen Porphyromonas gingivalis binds iron protoporphyrin IX in the 
 109 
mu-oxo dimeric form: an oxidative buffer and possible pathogenic mechanism. 
Biochem. J. 331 ( Pt 3):681-685. 
49.  Sztukowska, M., M. Bugno, J. Potempa, J. Travis, and D. M. Kurtz, Jr. 2002. 
Role of rubrerythrin in the oxidative stress response of Porphyromonas gingivalis. 
Mol. Microbiol. 44:479-488. 
50.  Tchou, J., M. L. Michaels, J. H. Miller, and A. P. Grollman. 1993. Function of 
the zinc finger in Escherichia coli Fpg protein. J. Biol. Chem. 268:26738-26744. 
51.  Thompson, S. A., R. L. Latch, and J. M. Blaser. 1998. Molecular characterization 
of the Helicobacter pylori uvrB gene. Gene 209:113-122. 
52.  Ueshima, J., M. Shoji, D. B. Ratnayake, K. Abe, S. Yoshida, K. Yamamoto, 
and K. Nakayama. 2003. Purification, gene cloning, gene expression, and mutants 
of Dps from the obligate anaerobe Porphyromonas gingivalis. Infect. Immun. 
71:1170-1178. 
53.  Vanterpool, E., F. Roy, and H. M. Fletcher. 2004. The vimE gene downstream of 
vimA is independently expressed and is involved in modulating proteolytic activity 
in Porphyromonas gingivalis W83. Infect. Immun. 72:5555-5564. 
54.  Viswanathan, M., V. Burdett, C. Baitinger, P. Modrich, and S. T. Lovett. 2001. 
Redundant exonuclease involvement in Escherichia coli methyl-directed mismatch 
repair. J. Biol. Chem. 276:31053-31058. 
55.  Wang, Y. 2008. Bulky DNA lesions induced by reactive oxygen species. Chem. 
Res. Toxicol. 21:276-281. 
56.  Wienkoop, S. and W. Weckwerth. 2006. Relative and absolute quantitative 
shotgun proteomics: targeting low-abundance proteins in Arabidopsis thaliana. J. 
Exp. Bot. 57:1529-1535. 
57.  Wood, R. D. 1996. DNA repair in eukaryotes. Annu. Rev. Biochem. 65:135-167. 
58.  Wyrzykowski, J. and M. R. Volkert. 2003. The Escherichia coli methyl-directed 
mismatch repair system repairs base pairs containing oxidative lesions. J. Bacteriol. 
185:1701-1704. 
59.  Yasui, A. and S. J. McCready. 1998. Alternative repair pathways for UV-induced 
DNA damage. Bioessays 20:291-297. 
60.  Zhang, L., Y. Lun, D. Yan, L. Yu, W. Ma, B. Du, and X. Zhu. 2007. Proteomic 
analysis of macrophages: a new way to identify novel cell-surface antigens. J. 
Immunol. Methods 321:80-85. 
 110 
 
 
CHAPTER THREE 
PROTECTIVE ROLE OF THE PG1036-PG1037-PG1038 OPERON IN 
OXIDATIVE STRESS IN PORPHYROMONAS GINGIVALIS W83 
 
 
Leroy G. Henry*1, Lawrence Sandberg2, and Hansel M. Fletcher1 
 
 
 
 
1Department of Biochemistry and Microbiology 
2Division of Biochemistry 
School of Medicine, Loma Linda University 
Loma Linda, California 92350 
 
 
 
 
 
Running title: DNA damage and repair 
 
*CORRESPONDING AUTHOR 
 
 
Phone: (909) 558-4472 
Fax: (909) 558-4035 
E-mail: LHENRY1@LLU.EDU
 111 
Abstract 
 As an anaerobe, Porphyromonas gingivalis is particularly susceptible to the harsh 
inflammatory environment of the periodontal pocket during initial colonization and active 
periodontal disease. In a previous report the repair of 8-oxoG-induced DNA damage in P. 
gingivalis was determined and the data indicated that the repair mechanism of 8-oxoG is 
different in P. gingivalis when compared to E. coli. Identification of proteins bound to the 
8-oxoG-containing oligonucleotides indicates that a conserved hypothetical protein, 
PG1037, was of particular interest. This protein is encoded as a part of an operon which 
is flanked by two genes, namely, PG1036 (uvrA) and PG1038 (prcA). The uvrA-pg1037-
prcA operon in P. gingivalis is upregulated in the presence of H2O2.  A PCR-based linear 
transformation method was successfully used to inactivate the uvrA and prcA genes by 
allelic exchange mutagenesis. Similar to the wild-type when plated on Brucella blood 
agar, the isogenic mutants were black-pigmented and beta-hemolytic. The mutants 
showed different generation time and levels of proteolytic activities compared to the 
wild-type strains. The uvrA- and prcA-defective mutants were more sensitive to H2O2 and 
were significantly more sensitive to UV irradiation than the parent strain. Additionally, 
glycosylase assays revealed that 8-oxoG repair activities were similar in both wild-type 
and mutant P. gingivalis strains. In protein-protein interaction studies we identified a 
protein complex associated with the removal of the 8-oxoG lesion. Collectively, these 
findings suggest that the uvrA-pg1037-prcA operon plays an important role in peroxide 
resistance in P. gingivalis and that a complex may be required to remove the 8-oxoG 
lesion. 
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Introduction 
 Porphyromonas gingivalis, a black-pigmented Gram-negative anaerobic 
bacterium has been recognized as a major pathogen for aggressive and chronic 
periodontitis, infection, and inflammation of the ligaments and bones that support and 
anchor the teeth (39). As a secondary colonizer in the periodontal biofilm, P. gingivalis 
has been documented to associate with other aero-anaerobic bacteria, which ultimately 
allows its growth and virulence in an anaerobic ecological niche (35).  Colonization by P. 
gingivalis is facilitated by many virulence factors, which include adhesion proteins such 
as hemagglutinins, which are critical factors that mediate its interaction with host tissues 
and commensal bacteria (3). P. gingivalis also expresses proteases known as gingipains, 
which function in tissue infection and destruction, which can contribute to the 
pathogenicity of the organism (27,35,42). Although there is evidence that Fusobacterium 
is important in creating a reduced environment for P. gingivalis  (9,14), severeal genes 
including superoxide dismutase (sod), rubrerythrin (rbr), and DNA binding proteins (dps) 
have been shown to play a role in oxidative stress resistance in this organism (41,61,63). 
Conditions that may lead to the increase in reactive oxygen species (ROS) or the 
depletion of antioxidant molecules/or enzymes constitute oxidative stress (40). Oxidative 
stress conditions can generate and cause the accumulation of O2*, H2O2 and hydroxyl 
radicals (6,11,40). Of these species, H2O2 is extremely harmful as it easily penetrates 
membranes and diffuses through cells (15). It has the ability to form adducts (hydrogen-
bonded chelate structures) with various cell constituents such as amino acids (e.g. 
histidine, alanine, glycine, aspartic acid), succinic acid and DNA bases, which act as 
H2O2 carriers (48). These characteristics allow H2O2 to act at sites distinct from the site of 
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its production, enhancing its damaging potential. The metabolism of anaerobes usually 
depends on metabolic schemes built around enzymes that react easily with oxygen (29). 
Hydrogen peroxide formation could therefore be one of the main sources of toxicity for 
anaerobic microorganisms.  
Major targets of these oxidants include DNA, cellular membranes, 
metalloproteases and transcription factors (21,29,31,38,60). In bacteria, the damage to 
DNA appears to be the most significant [reviewed in (40)]. Host inflammatory responses 
and by-products of the normal metabolism of all cells can produce oxygen radicals. 
Among the main legions produced in DNA by ROS is an oxidized form of guanine, 8-
oxo-7,8-dihydroguanine (8-oxoG), which has a strong mutagenic potential. This modified 
base, when present on the template strand, induces the incorporation of an adenine 
opposite it during DNA replication, leading to G:C-to-T:A transversions (20,56) that can 
be deleterious to the cell. Removal of 8-oxoG, first characterized for Escherichia coli, 
involves base excision repair (BER) process involving three glycosylases, the MutT, 
foramidopyrimidine glycosylase (Fpg) enzyme encoded by the mutM gene (7,8,18) and 
MutY. On the other hand, nucleotide excision repair (NER) is different from all the other 
forms of DNA repair in its ability to act on a wide variety of substrates (5,47). It is 
mediated by the products of uvrABC, uvrD, polA and lig genes in it recognizes distortions 
in DNA caused by bulky adducts that also alter the chemistry of the DNA.  
In a previous report, repair of 8-oxoG-induced DNA damage in P. gingivalis was 
determined (32).  The data indicated that the repair mechanism of 8-oxoG was different 
in P. gingivalis when compared to E. coli and suggested a mechanism that needed to be 
defined. To further evaluate if NER may play a role in repair activity, the uvrB gene, the 
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central component of bacterial NER, was inactivated (24). In contrast to the wild-type P. 
gingivalis W83, the uvrB-deficient mutant FLL144 was significantly more sensitive to 
UV irradiation. However the enzymatic removal of 8-oxoG was unaffected by the 
inactivation of the uvrB gene. These results suggested that the uvrB gene in P. gingivalis 
may not be involved in the removal of 8-oxoG and that another yet unidentified 
mechanism may be employed in its repair.  In this study, we report that a protein complex 
may play a significant role in the removal of 8-oxoG. Additionally, PG1037 proteins 
associated with the 8-oxoG lesion not only had the ability to recruit proteins with similar 
characteristics i.e. oxidoreductase  and DNA/RNA binding properties, but also contained 
two peroxidase domains, which indicates that it may have the ability to scavenge ROS in 
the presence of H2O2 thus conferring protection to DNA. 
 
Materials and Methods 
Bacterial Strains and Culture Conditions  
 Strains and plasmids used in this experiment are listed in Table 3.1. P. gingivalis 
strains were grown in brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI) 
supplemented with hemin (5 µg/ml), vitamin K (0.5 µg/ml) and cysteine (0.1%). E. coli 
strains were grown in Luria-Bertani broth (LB) (Sambrook et al., 1989). L-cysteine was 
omitted from broth for experiments in which cells were treated with hydrogen peroxide.  
For BHI plates, broth was supplemented with agar (20 g/L).  Unless otherwise stated, all 
cultures were incubated at 37 °C. P. gingivalis strains were maintained in an anaerobic 
chamber (Coy Manufacturing, Ann Arbor, MI) in 10% H2, 10% CO2, 80% N2. Growth 
rates for P. gingivalis and E. coli strains were determined spectrophotometrically (optical 
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density at 600 nm). For selection, the antibiotics erythromycin and carbenicillin was 
added at 10 ug/ml and 50 ug/ml respectively.  
 
PCR-based Linear Transformation to Construct P. gingivalis FLL145, 
FLL146, FLL147, FLL148 Mutants  
 Long PCR-based fusion of several fragments was performed as described 
previously (55). The primers used in this study are listed in Table 3.2. Briefly, 1 kb 
flanking fragments both upstream and downstream of the target genes were PCR 
amplified from chromosomal DNA of P. gingivalis W83. The ermF cassette was 
amplified from the pVA2198 (17) plasmid with oligonucleotide primers that contained 
overlapping nucleotides for the upstream and downstream fragments. These three 
fragments were fused together using the forward primer of the upstream fragment and the 
reverse primer of the downstream fragment. The fusion PCR program consisted of 1 
cycle of 5 min at 94 °C, followed by 30 cycles of 30 seconds at 94 °C, 30 seconds at 55 
°C, and 4 min at 68 °C, with a final extension of 5 minutes at 68 °C. This PCR-fused 
fragment was used to transform P. gingivalis W83 by electroporation as described 
previously (1). The cells were plated on a BHI agar containing 10 µg/ml of erythromycin 
and incubated at 37 °C for 7 days. The correct gene replacement in the erythromycin-
resistant mutants was confirmed by colony PCR and DNA sequencing.  
 
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Analysis 
of DNase Treated RNA Extracted from P. gingivalis 
 Total RNA was extracted from P. gingivalis W83 and mutant strains grown to 
mid-log phase (OD600 of 0.7) using the RiboPureTM kit (Ambion, Austin, TX). Reverse 
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transcription and PCR amplification was performed with a Perkin-Elmer Cetus DNA 
thermal Cycler (Perkin Elmer Corporation, Norwalk, CT). The primers used in this study 
are listed in Table 3.2. The final products were analyzed by 1% agarose gel 
electrophoresis.  
 
Phenotypic Characterization of Isogenic Mutants 
 P. gingivalis mutants defective in the genes PG1036 and PG1038 were 
characterized by comparison to the wild-type strain.  We examined typical phenotypic 
characteristics such as rate of growth in broth culture and hemolysis on Brucella Blood 
agar plates.   
 
Gingipain Activity Assay 
 P. gingivalis extracellular protein extracts were prepared as previously reported 
(52). The presence of Arg-X and Lys-X activity was determined using a microplate 
reader (Bio-Rad Laboratories, Hercules, CA) according to the methods of Potempa et al, 
(44).  
 
Sensitivity to Hydrogen Peroxide and UV Irradiation 
 P. gingivalis strains were grown to early log phase [OD600 0.2] in BHI broth.  
Hydrogen peroxide at concentrations of 0.25 mM was then added to the cell cultures and 
further incubated for 30 h. The optical density at 600 nm was then measured at 4 h 
intervals over a 24 h period. Cell cultures without hydrogen peroxide were used as 
controls. UV sensitivity test was done as previously reported (1). 
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Oligonucleotide Labeling and Annealing Procedures 
Oligonucleotide fragments (see Table 3.3.) used in this study were synthesized by 
Synthegen (Houston, TX). Labeling and annealing procedures were performed as 
previously described (32). 
 
Preparation of Crude Bacterial Extracts 
Bacterial protein extracts were prepared as previously described (32). Briefly, P. 
gingivalis cultures were grown overnight in BHI. A 1/10 dilution of each bacterial strain 
was made in fresh BHI medium and grown to an OD600 of 0.6. E. coli was grown in a 
similar manner under aerobic conditions. The cell pellets were collected by centrifugation 
(9,000 × g for 10 min at 4 °C) treated with protease inhibitors, resuspended in 5 ml of 50 
mM Tris-HCl (pH 8.0) lysis buffer, and subjected to French Pressure Cell Press 
(American Instrument Company, Silver Spring, MD). Cell debris was removed by 
centrifugation at 12,000 × g for 20 min at 4 °C and then by ultra-centrifugation at 45,000 
× g for 1 h at 4 °C. The protein concentration of the supernatant was determined using the 
BCA protein assay kit (Pierce, Rockford, IL). 
 
Glycosylase Assay 
Labeled and annealed oligonucleotides (2 pmol) were incubated at 37 °C for 20 
mins with P. gingivalis or E. coli cell extracts (2 µg) in a 1X enzyme buffer supplied with 
the Uracil DNA glycosylase (Ung) or Formamidopyrimidine-DNA glycosylase (Fpg) 
enzymes (Trevigen Inc., Gaithersburg, MD). An equal volume of loading buffer (98% 
formamide, 0.01 M EDTA, 1 mg/ml xylene cyanol, and 1 mg/ml bromophenol blue) was 
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added to stop the reaction. 50 pmol of competitor oligonucleotide was added to each 
reaction mix and heated to 95 °C for 5 min to denature the duplex, after which it was 
resolved by gel electrophoresis. As controls, Fpg and Ung control reactions were 
performed according to Liu et al, (37). Briefly, 2 pmol of the specific oligonucleotide was 
incubated with 1 unit of the enzyme at 37 °C for 1h in reaction buffers provided by the 
manufacturers. Cleavage of abasic sites after glcosylase treatment with Ung was 
performed by adding 5 µl 0.1 M NaOH for 30 min at 37 °C. 
 
Gel Electrophoresis and Analysis of Cleavage 
 Reaction samples were loaded onto a 20% denaturing polyacrylamide gel (7 M 
urea) and run for 90 min at 500 V in 1X Tris-Borate-EDTA (TBE) buffer. The resulting 
bands corresponding to the cleavage products and uncleaved substrate was visualized 
using a Molecular Dynamics Phosphor Imager (Amersham, Biosciences, Piscataway, NJ) 
and ImageQuant 5.0 software.  
 
Cloning of pg1037 into an Expression Vector 
Oligonucleotide primers specific for the ORF of the pg1037 gene were 
synthesized (see Table 3.2.) and used in PCR amplification of the pg1037 gene as 
previously described (1). The fragment carrying the pg1037 gene was cloned into 
pET102/D-TOPO® expression plasmid (Invitrogen) carrying coding for an N-terminal 
His-Patch (HP)-thioredoxin fusion tag. The recombinant plasmid, designated pFLL149, 
was transformed into competent BL21(DE3)pLysS Escherichia coli. The orientation was 
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determined by restriction endonuclease digestion. The nucleotide sequence of the insert in 
pFLL149 was analyzed by DNA sequencing to rule out any mutations. 
 
Expression and Purification of rPG1037 
E. coli BL21(DE3)pLysS carrying pFLL149  was grown to exponential phase 
(OD600 ~0.5) in Luria–Bertani broth in the presence of carbenicillin (50 µg/ml). IPTG to a 
final concentration of 0.75 mM was added and the culture was further incubated at 37 °C 
with shaking for a 4 h. Cells were harvested by centrifugation and subjected to French 
Pressure Cell Press (American Instrument Company, Silver Spring, MD). Cell debris was 
removed by centrifugation at 12,000 × g for 20 min at 4 °C and then by ultra-
centrifugation at 45,000 × g for 1 h at 4 °C. The supernatant was further purified using 
HisPur Cobalt Spin Columns (Pierce, Rockford, IL). The rPG1037 protein was separated 
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
visualized with Simply Blue safe stain (Invitrogen, Carlsbad, CA). The presence of the 
poly-histidine tag was confirmed using the GelCode 6xHis Protein Tag kit according to 
the manufacturer's instructions (Pierce, Rockford, IL).  
 
Bioinformatics Analysis 
The amino acid sequences were retrieved from the Oralgen database [Los Alamos 
National Laboratory; http://www.oralgen.lanl.gov] and aligned using Bioedit 
(http://www.mbio.ncsu.edu/bioedit/bioedit.html). The amino acid sequences were 
analyzed using ClustralW version 2.0. The secondary structure prediction and modeling 
of the protein was performed using the Modeller 9v8 program (46). Threading was 
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performed using the HHpred interactive server for protein homology detection and 
structure prediction (59). The models were then validated using WHATIF program (64).  
 
Protein–Protein Interaction Studies 
Approximately 2000 µg of the purified rPG1037 protein was incubated with the 
Ni-NTA-linked magnetic beads. The beads with attached rPG1037 were washed with 
wash/interaction buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole and 0.005 % 
Tween 20 pH 8.0) and incubated the with cell lysates or extracellular fractions from P. 
gingivalis W83 or FLL92. As a negative control, the lysates or extracellular fractions 
from P. gingivalis were incubated with the magnetic beads without the attached rPG1037. 
After incubation, the unbound proteins were eliminated by three washings with 
wash/interaction buffer. Proteins were eluted off the beads using 50 µl of elution buffer 
(50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole and 0.005% Tween 20, pH 8.0). 
  
Identification of Protein that can Physically Interact with rPG1037 
SDS-PAGE was performed with a 1X SDS-Page running buffer (BioRad, 
Hercules, CA) according to manufacturer’s instructions. The gels were run for 1.5 cm 
then stained with SimplyBlueTM Safe Stain (Invitrogen, Carlsbad, CA) to visualize bands. 
After briefly destaining in water, the gel was cut into four equally-spaced slices (~2 mm 
each) for Trypsin digestion.  As a control, a gel slice was cut from a blank region of the 
gel and processed in parallel with the sample. The excised gel pieces were dehydrated in 
acetonitrile and dried in a vacuum centrifuge for 30 minutes. The proteins were reduced 
in 20 ul of 20 mM dithiothreitol (DTT) in 100 mM NH4HCO3 (sufficient to cover the gel 
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pieces) for 1 hour at 60 °C. After cooling to room temperature, the DTT solution was 
replaced with an alkylating solution consisting of 20 µl of 200 mM iodoacetamide in 100 
mM NH4HCO3. After 30 minutes incubation at ambient temperature in the dark, the gel 
pieces were washed twice with 150 µl 100 mM NH4HCO3, finely minced with a flame 
sealed polypropylene pipette tip, dehydrated by the addition of acetonitrile and then dried 
in a vacuum centrifuge. The gel pieces were rehydrated and incubated overnight at 37 °C 
in 20 µl digestion buffer containing 0.1 µg of trypsin MS grade (Promega, Madison, WI) 
in 50 mM acetic acid with equal parts of 100 mM NH4HCO3.  The digestion was stopped 
with 10 µl, 5% formic acid. The digest solution (aqueous extraction) was transferred into 
a clean 0.65 ml siliconized tube. To the gel pieces, 30 µl of 50% acetonitrile with 5% 
formic acid was added, vortexed for 30 minutes, centrifuged, and then sonicated for 5 
minutes. This process was repeated and both aqueous extractions were combined and 
concentrated to 10 µl in a vacuum centrifuge.  Peptides were extracted and purified using 
standard C18 ZipTip technology following the manufacturer’s directions (Millipore, 
Bedford, MA). The final volume of each preparation was 20 ul in 0.1% formic acid. 
 
Mass Spectrometry and Data Analysis 
The extracted peptides from each gel piece were analyzed using an LCQ Deca XP 
plus system (Thermo Finnigan, San Jose, CA) using nano-electrospray technology (New 
Objectives, Woburn, MA).  This consisted of reverse-phase C18 separation of peptides 
on a 10 cm x 75 µ capillary column with direct electrospray injection to the intake port of 
the LCQ.  MS and MS/MS analyses were accomplished with a 4-part protocol that 
consisted of one full MS analysis (from 150 to 2000 m/z) followed by 3 MS/MS events 
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using data dependent acquisition, where the first most intense ion from a given full MS 
scan was subjected to CID followed by the second and third most intense ions (66).  With 
the cycle repeating itself approximately every 2 seconds the nanoflow buffer gradient was 
extended over 45 minutes using a 0 to 60% acetonitrile gradient from buffer B (95% 
acetonitrile with 0.1% formic acid) developed against buffer A (2% acetonitrile with 
0.1% formic acid) at a flow rate of 250-300 nl/min with a final 5 minutes 80% bump of 
buffer B before re-equilibration.  Flow stream splitting (1:1000) and a Scivex 10 port 
automated valve (Upchurch Scientific, Oak Harbor, WA) together with a Michrom 
nanotrap column (Michrom Bioresources, Auburn, CA) were used to move the 20 ul 
sample from the autosampler to the nanospray unit.  The positive ion mode was 
employed and the spray voltage and current was set at 2.2 kV and 5.0 µA and a capillary 
voltage of 25 V. The spray temperature was set at 160 °C for peptides. Data were 
collected with the Xcalibur software (Thermo Electron) and screened with Bioworks 3.1. 
Peptide tandem mass spectra were processed by Turbo SEQUEST software (v.27 (rev. 
14, (c) 1999-2002)) to produce unfiltered dta and out files (25,26) for each analysis 
utilizing the latest version of the P. gingivalis fasta database available from NCBI (Jan 
2008).  Proteome Software’s SCAFFOLD 1.7. meta analysis software together with X! 
TANDEM (thegpm.org) was then used to statistically validate the peptide and protein 
findings of SEQUEST (67). Protein identity was confirmed when at least two different 
peptides were present at least at 95% probability and the protein probability was also at 
95% or better. Individual peptide matches were then confirmed with the BLAST database 
at http://www.oralgen.lanl.gov. 
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Results 
pg1037 is Part of the uvrA-pg1037-prcA Operon in P. gingivalis 
Neither BER nor NER, as observed in other strains, appear to be involved in the 
repair of the 8-oxoG lesion in P. gingivalis (Johnson et al; Henry et al). DNA affinity 
fractionation however identified PG1037 (a hypothetical protein of unknown function) 
that was observed to bind only to the 8-oxoG oligonucleotide fragment. Furthermore, 
transcriptional profiling of P. gingivalis showed that the PG1036 (uvrA) and PG1038 
prcA were upregulated in cells exposed to hydrogen peroxide-induced stress. In silico 
analysis of the three genes suggests they may be part of a single transcriptional unit. To 
confirm that the gene encoding PG1037 was part of a three gene operon, total RNA was 
isolated from the wild-type P. gingivalis W83 grown to mid-log phase [OD600 of 0.7]. If 
these genes are transcribed as a single transcriptional unit, a 4.3 kb fragment should be 
amplified using a 5’ oligonucleotide primer from PG1036 and a 3’ primer for PG1038 
(Table 3.2.). As shown in figure 3.1.A., the expected 4.3 kb fragment was observed only 
when reverse transcriptase was used in the RT-PCR reactions. A 3.7 kb pg1037-prcA 
fragment was also amplified using oligonucleotide primers PG1037_F and PG1038_R 
(Table 3.2.) figure. 3.1.A., Lane 2]. Additionally, as shown in figure 3.1.A., specific 
intragenic primers for uvrA, pg1037 and prcA amplified 1.2 kb, 1.0 kb and 1.3 kb 
fragments respectively. No amplification was observed in the wild-type P. gingivalis 
strain in the absence of reverse transcriptase. As a control, a 0.7 kb fragment was also 
amplified using 16S-specific primers. Taken together, these data confirm that the gene 
encoding PG1037 is part of the uvrA-pg1037-prcA operon.  
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Figure 3.1. RT-PCR analysis of P. gingivalis W83  
DNase treated total RNA was extracted from P. gingivalis W83 and subjected to RT-
PCR. Panel A. Lanes 1, amplification of 4.3 kb uvrA-pg1037 fragment; Lanes 2, 
amplification of 3.7 kb pg1037-prcA fragment; Lanes 3, 4 and 5, intragenic specific 
primers for uvrA, pg1037 and prcA genes amplified 1.2 kb, 1.0 kb and 1.3 kb  fragments 
respectively; Lanes 6, amplification of 0.7 kb 16S fragment. Panel B. Lanes 1-6, no RT 
negative controls. 
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Inactivation of Genes in the uvrA-pg1037-prcA Operon 
 Isogenic mutants of P. gingivalis defective in PG1036 and PG1038 were 
constructed by allelic exchange mutagenesis. PCR was used to fuse the upstream and 
downstream fragments of the target gene to ermF, generating a 3-kb-length fragment 
which was electroporated into P. gingivalis W83. Although W83 lacks a TraP, which 
was shown previously to be required for plasmid transfer in P. gingivalis (62), there is 
high transformation efficiency using linear PCR generated fragments (16). We were able 
to construct PG1036 and PG1038 mutants which were confirmed by colony PCR and 
sequencing of extracted chromosomal DNA (data not shown). However, we were unable 
to construct the pg1037 mutant after numerous attempts. To rule out polar mutations 
arising from the inactivation of uvrA and prcA genes, RT-PCR was used to amplify genes 
in the uvrA-pg1037-prcA operon as shown in figure. 3.2.A.  
  Since the hypothetical gene pg1037 was confirmed to be part of the uvrA-pg1037-
prcA operon, and attempts to inactivate this gene failed, two indirect methods of 
investigating the function of this gene was employed with the aim of creating polar 
mutations which would affect the genes downstream uvrA. This was done by amplifying 
the ermF gene with its terminator (using ErmF_Term_F1 and ErmF_Term_R1 primers, 
Table 3.2.) and fusing the upstream and downstream fragments to inactivate the uvrA 
gene creating the FLL147 mutant. A similar method was used to create the FLL148 
mutant by inserting the ermF cassette in the reverse orientation using primers for FLL148 
construction (Table 3.2.) in conjunction with ErmF_F1 and ErmF_R1 primers. In the 
FLL147 and FLL148 isogenic mutants, using RT-PCR, there was no expression of the 
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downstream prcA gene (figure 3.2.B.) however expression of the 1.4 kb pg1037 fragment 
was observed in both strains (figure 3.2.C.).  
Taken together it is likely that pg1037 is an essential gene which is differentially 
expressed and its inactivation causes a lethal mutation. 
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Figure 3.2. RT-PCR analysis of P. gingivalis W83 and isogenic mutants. 
DNase treated total RNA was extracted from P. gingivalis W83 and isogenic mutants 
(FLL145, FLL146, FLL147 and FLL148) then subjected to RT-PCR. In Panel A, lanes 1, 
2 and 3 shows expression of a 1.2 kb, 1.3 kb and 0.9 kb uvrA, prcA and vimA fragments 
respectively in wild-type P. gingivalis W83; lane 4 shows no expression of the 1.2 kb 
uvrA fragment in the FLL145 mutant but shows expression of prcA and vimA fragments 
as seen in lanes 5 and 6; in the FLL146 mutant, lanes 7 and 9 shows expression of uvrA 
and vimA fragments respectively but no expression of prcA fragments is seen in lane 8; 
as a positive control, lanes 10, 11 and 12 shows expression of 16S ribosomal RNA. Panel 
B, lanes 1-12, no RT negative controls. In Panel C, neither lanes 1 or 3 and 6 or 8 
showed amplification of uvrA and prcA fragments in FLL147 and FLL148 mutants 
respectively; lanes 2 and 7 showed amplification of pg1037 in FLL147 and FLL148 
mutants respectively; lanes 4 and 9 shows amplification of vimA in FLL147 and FLL148 
mutants respectively; lanes 5 and 10 shows amplification of 16S ribosomal RNA. Panel 
D, lanes 1-10, no RT negative controls. In Panel E, lanes 1-5 shows that pg1037 is 
expressed in P. gingivalis W83 and all isogenic mutants; lanes 6-10 shows amplification 
of vimA in P. gingivalis W83 and all isogenic mutants. Panel F, Lanes 1-12, no RT 
negative controls.  
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Gingipain Activity is Affected by Inactivation of Genes in the uvrA-
pg1037-prcA Operon 
 Gingipains, which are both extracellular and cell membrane associated, are major 
virulence factors of P. gingivalis (53,54). Gingipains can also play a role in oxidative 
stress resistance (34,54). In order to identify whether the uvrA-pg1037-prcA operon was 
involved in gingipain regulation, gingipain activity was measured in uvrA and prcA 
mutants. In comparison with the wild-type P. gingivalis W83 strain, Rgp activity was 
decreased by approximately 20% in the FLL145 mutant strain but there was no 
significant difference in Kgp activity. Rgp activity was reduced in FLL146, FLL147 and 
FLL148 mutants by 60%, 80% and 90% respectively. Kgp activities in FLL146, FLL147 
and FLL148 mutants were greatly reduced by 70%, 90% and 84%. We observed that the 
FLL147 and FLL148 mutants showed the greatest reduction in proteolytic activity. It is 
still unclear how the uvrA-pg1037-prcA operon regulates gingipain activity in P. 
gingivalis.  
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Figure 3.3. Proteolytic activity of P. gingivalis mutants  
P. gingivalis strains were grown to late log phase OD600 of 1.2 in 50 ml of BHI broth 
supplemented with hemin and vitamin K. Panel A; whole cell culture was analyzed for 
Rgp (BAPNA) activity. Panel B; whole cell culture was analyzed for Kgp (ALNA) 
activity. The results shown are representative of 3 independent experiments performed in 
triplicate. 
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Growth in the Presence of Hydrogen Peroxide and Sensitivity to UV 
Irradiation 
 In the inflammatory environment of the mouth, reactive oxygen species (ROS) 
constitute an important component (40). An increase in ROS or depletion of antioxidant 
molecules and/or enzymes results in oxidative stress. ROS can cause damage to cell 
membranes, nucleic acids, and proteins (30). While oxidant-induced DNA damage 
generates over 20 different oxidatively altered bases (13), 8-oxoG is the major product of 
DNA oxidation (50). In a previous report we have determined that the inactivation of the 
uvrB gene does not affect the sensitivity of P. gingivalis to hydrogen peroxide and that 
the uvrB-deficient mutant FLL144 was significantly more sensitive to UV irradiation 
than the wild-type (24). Since there are two uvrA paralogs that share 42% homology in P. 
gingivalis, it is likely that one is associated with nucleotide excision repair (NER) 
mechanism, which is mediated by the products of the following genes: uvrABC, uvrD, 
polA and lig (5,47) and the other to be a part of the uvrA-pg1037-prcA operon.  We 
therefore evaluated the relationship between the growth of P. gingivalis W83 and the 
isogenic mutants in hydrogen peroxide and documented their sensitivity to UV irradiation 
to see if uvrA-pg1037-prcA operon was involved in oxidative stress resistance or if 
recovery from DNA damage was reduced.  
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Figure 3.4. Sensitivity of P. gingivalis mutants to hydrogen peroxide. 
P. gingivalis was grown to early log phase (OD600 of 0.2) in BHI broth. 0.25 mM H2O2 
was then added to the cell cultures and further incubated over 30 h.  Cell cultures without 
H2O2 were used as controls. The results shown are representative of 3 independent 
experiments. 
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 While the parent strain and P. gingivalis FLL144 showed similar profiles of 
sensitivity to 0.25 mM concentrations of hydrogen peroxide, P. gingivalis FLL145, 
FLL146, FLL147 and FLL148, showed markedly increased hydrogen peroxide 
sensitivity (figure 3.4.). Additionally, P. gingivalis FLL145 and FLL146 showed 
increased sensitivity to UV irradiation when compared to the wild-type strain (figure 
3.5.). Collectively, these data suggests that the uvrA-pg1037-prcA operon may play a role 
in H2O2-induced oxidative stress resistance in P. gingivalis and that the inactivation of 
genes in this operon had dramatic effects on UV sensitivity. 
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Figure 3.5. UV sensitivity of P. gingivalis mutants. 
P. gingivalis strains W83, FLL144, FLL145 and FLL146 were grown to mid 
log phase (OD600 of 0.6) spread on BHI plates then subjected to irradiation 
at increasing doses (0 µJ, 500 µJ and 1000 µJ) of UV in a Stratalinker 2400 
(Stratagene, La Jolla, CA). 
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8-oxoG Repair Activity is Similar in Both Wild-type and Mutant P. 
gingivalis Strains 
 Previously in our lab, we had established that the removal of 8-oxoG was not by a 
nucleotide excision repair mechanism (NER) but by some other yet-to-be defined 
mechanism (24). Since the uvrA-pg1037-prcA operon seemed to have some involvement 
in oxidative stress resistance and UV sensitivity, P. gingivalis W83 and the isogenic 
mutants defective in PG1036 and PG1038 were assessed for enzymatic removal of 8-
oxoG. Bacterial extracts from P. gingivalis W83 and isogenic strains grown in the 
presence or absence of hydrogen peroxide were used in glycosylase assays with a [γ-32P]-
ATP-5'-end-labeled 8-oxodG:C-containing oligonucleotide (50-mer) Table 3.3. As shown 
in figure 3.6., E. coli Fpg enzyme generated a 25 mer cleavage fragment while a 28 mer 
cleavage product was observed in P. gingivalis strains W83 and isogenic mutants. Similar 
results were observed when extracts were treated with or without hydrogen peroxide. As 
a control (not shown), the removal of uracil was examined using the same extracts. The 
level of activity for Ung was similar in all P. gingivalis strains. This data suggests that the 
uvrA-pg1037-prcA operon might not be directly involved in the removal of 8-oxoG.  
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8-oxoG:C (O1) and G:C (O2) 
 
 
 
 
Figure 3.6.  8-oxoG removal activities of cell extracts from  P. gingivalis strains W83 and 
isogenic mutants  
[γ-32P]-ATP-5'-end-labeled oligonucleotides (O1 and O2) were incubated with P. 
gingivalis extracts for 10 min, electrophoresed and visualized. Lane 1 contained O1; Lane 
2 contained O2; Lane 3 contained O1 and Fpg enzyme; Lane 4 contained O2 and Fpg 
enzyme; Lane 5 contained O1 and P. gingivalis W83 extract; Lane 6 contained O2 and P. 
gingivalis W83 extract; Lane 7 contained O1 and P. gingivalis FLL145 extract; Lane 8 
contained O2 and P. gingivalis FLL145 extract; Lane 9 contained O1 and P. gingivalis 
FLL146 extract; Lane 10 contained O2 and P. gingivalis FLL146 extract; Lane 11 
contained O1 and P. gingivalis FLL147 extract; Lane 12 contained O2 and P. gingivalis 
FLL147 extract; Lane 13 contained O1 and P. gingivalis FLL148 extract and Lane 14 
contained O2 and P. gingivalis FLL148 extract. 
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Bioinformatic and In silco analysis of PG1037 
 Bioinformatic analysis revealed that PG1037 is a cytoplasmic protein. In silico 
analysis of the conserved hypothetical protein revealed that it contained two conservative 
domains, one representing the zinc finger domain and the other homologous to the 
peroxidase (figure 3.7.A.). The amino acid sequence of PG1037 showed conserved 
repeats which were found in the helical structures of the protein and could be assumed to 
have a significant role in protein-protein interaction. PG1037 contains the characteristic 
Zinc Finger – SWIM motif which was predicted to be organized in the N-terminal beta 
strands possibly adopting the 4 Cysteine structure anchoring the Zinc ion (figure 3.7.B.). 
The Zinc ion could play a role as a metal catalyst for the enzymatic action of the protein 
in forming a reduced compound terminally combating oxidative stress.  
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Figure 3.7.A. Amino acid sequence of PG1037 showing various characteristic domains 
and motifs 
 
Peroxidase motif -1
Peroxidase motif -2
Consensus repeat  motif
Consensus repeat  motif
Zinc Finger   motif
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Figure 3.7.B. The Zinc finger attachment site in PG1037. 
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PG1037 Codes for a Protein 
pg1037 was cloned into pET102/D-TOPO® expression plasmid (figure 3.8.). The 
plasmid carrying the gene without mutations was then transformed into competent E. coli 
BL21(DE3)pLysS competent cells and induced for 4 hrs with IPTG. Lysed E. coli cells 
carrying the rPG1037 was purified then analyzed by SDS-PAGE and stained for the 
presence of the recombinant protein (figure 3.9.). Uninduced samples were used for the 
controls (data not shown). As shown in figure 3.9., the pg1037 gene codes for the 
expected 67 kDa recombinant protein. 
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Figure 3.8. The cloning of pg1037 into pET102/D-TOPO® expression plasmid. 
The pg1037 ORF was amplified by PCR from chromosomal DNA of P. gingivalis W83 
using taq polymerase. This fragment was then ligated into pET102/D-TOPO® carrying an 
N-terminal His-Patch (HP)-thioredoxin fusion tag and transformed into competent 
BL21(DE3)pLysS Escherichia coli cells. Sequencing was done to rule out the occurrence 
of any mutations in the pg1037 fragment.  
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Figure 3.9. Purification of rPG1037 protein. 
The expressed protein was further purified using HisPur Cobalt Spin Colums (Pierce, 
Rockford, IL) and stained with Simply Blue safe stain.  Panel A represents individual 
washes of expressed proteins and Panel B represents final elution of purified recombinant 
proteins. 
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rPG1037 Forms a Complex with Other Proteins 
 We have previously shown that a protein complex interacts with  8-oxoG lesions 
(24). We identified the PG1037 protein as a major interacting partner, but to date the 
mechanism of interaction and what role it plays in the removal of 8-oxoG is still unclear. 
To further elucidate the function of PG1037, the purified rPG1037 protein was attached 
to Ni-NTA-linked magnetic beads and incubated with cell lysates from P. gingivalis W83 
or FLL92 exposed to oxidative stress. As a negative control, the lysates were incubated 
with the magnetic beads without the recombinant protein. The extracted protein was 
separated by SDS-PAGE and identified by mass spectrometry. As summarized in Table 
3.4., PG1037 can interact with several other proteins that have DNA binding or 
oxidoreductase activities.  
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Table 3.1. Plasmids and bacterial strains used in this study. 
Strains and Plasmids Phenotype/Description         Source 
pVA2198  Spr, ermF-ermAM  (17) 
pFLL149 pg1037 in pET102/D-TOPO®  
 
 
Bacterial strains 
 
Porphyromonas  gingivalis 
 
 
W83  Wild type (1) 
FLL92  vimA defective (2) 
FLL144 uvrB defective (24) 
FLL145 uvrA defective  This study 
FLL146  prcA defective This study 
FLL147 uvrA with ermF- terminator This study 
FLL148  uvrA with ermF in the reverse orientation This study  
 
 
Escherichia coli 
 
Top10   F-mcrA D (mrr-hsdRMS-mcrBC) 
f80lacZD M15 DlacX74 recA1 ara139 D 
(ara-leu)7697 galU galK rpsL (StrR) 
endA1 nupG 
Invitrogen 
BL21 
StarTM(DE3)   
F-ompT hsdSB (rB-mB-) gal dcm 
rne131(DE3)  
 
Invitrogen 
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Table 3.2. Oligonucleotide primers used in this study. 
 
Primers                                               Sequence (5' – 3')   
 
Primers for FLL145 construction 
FLL145_F1 CTATTCCCTATTTTCAGCCGAA
FLL145_F2 TTCGTAGTACCTGGAGGGAATAATCGAATTCTGCAGACAATATATAATGTAAAG 
FLL145_R1      GTCATTTATTCCTCCTAGTTAGTCATCTTTTACGTTTATAACTGTATCGTGCAT 
FLL145_R2      CGTACAAGGGGGAACATTATTAG 
Primers for FLL146 construction 
FLL146_F1 TGCGTGTTGGACGAGAAG 
FLL146_F2 TTCGTAGTACCTGGAGGGAATAATCTATCCAAAGTGGAAAAAGATTCGATCTGAA 
FLL146_R1 GTCATTTATTCCTCCTAGTTAGTCATTCAATGATGAGAGATAATCTTCGGACAT 
FLL146_R2 GAGAAAGCCGTGCAGGAG 
Primers for FLL147 construction 
FLL147_F1 CTATTCCCTATTTTCAGCCGAA 
FLL147_F2 AAATTTGTAATTAAGAAGGAGTGATTACGAATTCTGCAGACAATATATAATGTAAAG
FLL147_R1 GTCATTTATTCCTCCTAGTTAGTCATCTTTTACGTTTATAACTGTATCGTGCAT 
FLL147_R2 CGTACAAGGGGGAACATTATTAG 
Primers for FLL148 construction 
FLL148_F1 CTATTCCCTATTTTCAGCCGAA
FLL148_F2 TACCTTATTCCTCCTAGTTAGTCAGAATTCTGCAGACAATATATAATGTAAAG
FLL148_R1 TTCGTAGTACCTGGAGGGAATAATCTCTTTTACGTTTATAACTGTATCGTGCAT 
FLL148_R2 CGTACAAGGGGGAACATTATTAG
Primers for ermF without a terminator, in the forward orientation 
ErmF_F1  TGACTAACTAGGAGGAATAAATGACAAAAAAGAAATTGCCCG 
ErmF_R1 GATTATTCCCTCCAGGTACTACGAAGGATGAAATTTTTCA
Primers for ermF with a terminator, in the forward orientation 
ErmF_Term_F1 TGACTAACTAGGAGGAATAAATGACAAAAAAGAAATTGCCCG 
ErmF_Term_R1 GTAATCACTCCTTCTTAATTACAAATTT 
PT-PCR primers 
PG1036_F ATGCACGATACAGTTATAAACGTAAAA
PG1036_R TATATTGTCTGCAGAATTCATGTGTAC 
PG1037_F ATGAAAGAACAGAAATTGTCTAATCGG
PG1037_R CGATGCCCCGACAATCATA 
PG1038_F ATGTCCGAAGATTATCTCTCATCAT 
PG1038_R GATCGAATCTTTTTCCACTTTGG
VimA_F  ATGCCCATCCCTCTATACCT 
VimA_R  TACCTGTTTTTGCTGACCGG 
16S_rRNA_F AGGCAGCTTGCCATACTGCG 
16S_rRNA_R ACTGTTAGCAACTACCGATGT  
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Table 3.2. Continued.  
 
Primers                                               Sequence (5' – 3')   
 
RT-PCR internal primers 
PG1036_INT_F GCAAACGTATAGCGGAGAGC 
PG1036_INT_R CCACTTCACCACCATGTCTG
PG1037_INT_F ACCGATACCGAGTTGCATTC 
PG1037_INT_R CACATCATCAGGCAGATTGG 
PG1038_INT_F TCGGAGTACACAGAGCATCG 
PG1038_INT_R ATGGGAAGTTCGTCACCTTG 
Primers for ORF of pg1037 
PG1037_ORF_F CACCCATGAAAGAACAGAAATTGTCTAAT
PG1037_ORF_R CGATGCCCCGACAATCATA
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Table 3.3. Oligonucleotide sequences used in this study 
  
O1  
5’-GACTACGTACTGTTACGGCTCCATCXCTACCGCATTCAGGCCAGATCTGC-3’ 
3’-CTGATGCATGACAATGCCGAGGTAGCGATGGCGTAAGTCCGGTCTAGACG-5’ 
 
O2 
5’-GACTACGTACTGTTACGGCTCCATCGCTACCGCATTCAGGCCAGATCTGC-3’ 
3’-CTGATGCATGACAATGCCGAGGTAGCGATGGCGTAAGTCCGGTCTAGACG-5’ 
 
X: 8-oxoG (O1)        
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Table 3.4. Proteins that interact with Recombinant pg1037 
 
Gene ID Gene name Molecular 
Weight 
Functional class Molecular Function 
PG1232 Tryptophanase (tnaA) 52 kDa Energy metabolism; Amino acids and amines Catalytic Activity; Lyase activity; Carbon- 
Carbon lyase activity; Pyridoxal phosphate 
binding 
PG0951 Hypothetical protein 37 kDa Unknown; Hypothetical Zinc ion binding; Oxidoreductase activity 
PG0958 Butyryl-CoA dehydrogenase 
(bcd) 
42 kDa Fatty acid and phospholipid metabolism acyl-CoA dehydrogenase activity; 
Oxidoreductase activity, acting on the CH-CH 
group of donors; FAD binding 
PG0622 Iron-containing alcohol 
dehydrogenase (4hbD) 
42 kDa Metabolic process Oxidoreductase activity; Metal ion binding 
PG0535 Periplasmic serine protease 
(htrA) 
53 kDa Protein fate; Degradation of proteins, peptides 
and glygopeptides 
Serine-type endopeptidase activity; Protein 
binding 
PG1161 phoH-related protein 50 kDa Uncategorized ATP binding 
PG1768* arginine-specific cysteine 
protein (hagE, agp, rgp-1, 
rgpA, prpR1, prtR, rap1) 
186 kDa Protein fate; Degradation of proteins, peptides 
and glygopeptides 
ATP binding; cysteine-type endopeptidase 
activity, peptidase activity; cysteine-type 
peptidase activity; DNA ligase (ATP) activity 
PG0361 DNA-directed RNA 
polymerase subunit beta' 
(rpoC) 
160 kDa Transcription; DNA dependent RNA 
polymerase 
DNA binding; DNA-directed RNA polymerase 
activity 
PG0360 DNA-directed RNA 
polymerase subunit beta 
(rpoB)  
142 kDa Transcription; DNA dependent RNA 
polymerase 
DNA binding; DNA-directed RNA polymerase 
activity 
PG0960** electron-transfer 
flavoprotein alpha subunit 
(etfA) 
37 kDa Energy metabolism Electron carrier activity; FAD binding 
PG0170* tonB-dependent outer 
membrane (ragA) 
112 kDa Cell envelope Receptor activity; Transporter activity 
PG0964 phosphotransacetylase(ptaA) 36 kDa Energy metabolism Acyltransferase activity; acetyltransferase 
activity 
PG0106 DNA-binding protein(HU-
related) 
9 kDa DNA metabolism; Chromosome-associated 
proteins 
DNA binding 
PG0468 Preprotein translocase 
subunit A (SecA) 
126 kDa Protein fate; Protein and peptide secretion and 
trafficking 
Nucleic acid binding; Helicase activity; Protein 
binding; ATP binding 
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Table 3.4. (continued). 
 
Gene ID Gene name Molecular 
Weight 
Functional class Molecular Function 
PG0468 Preprotein translocase 
subunit A (SecA) 
126 kDa Protein fate; Protein and peptide secretion and 
trafficking 
Nucleic acid binding; Helicase activity; Protein 
binding; ATP binding 
PG1216* Conserved hypothetical 
protein 
46 kDa Unknown; Conserved hypothetical Binding 
PG1127 D-3-phosphoglycerate 
dehydrogenase (serA) 
33 kDa Amino acid biosynthesis; Serine family Oxidoreductase activity; Cofactor binding, 
NAD binding 
PG0962* 3-hydroxybutyryl-CoA 
dehydrogenase (hbd) 
30 kDa Fatty acid and phospholipid metabolism Oxidoreductase activity; Coenzyme binding 
PG1249* Peptidylarginine 
deiminase (arcA, pad) 
62 kDa Energy metabolism; Amino acids and amines  
PG0966 Conserved hypothetical 
protein 
39 kDa Unknown; Conserved hypothetical Electron carrier activity; Antioxidant activity; 
Oxidoreductase activity 
     
  * Proteins from W83 that interacted with PG1037 only  
  ** Proteins from FLL92 and W83 that interacted with PG1037  
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Discussion 
 DNA repair mechanisms in other organisms act cooperatively in the removal of 
DNA modified bases. In the case of 8-oxoG, BER and NER have been involved in its 
removal in E. coli and yeast (4,49). It is therefore conceivable that more than one 
mechanism of DNA repair may be involved in the removal of 8-oxoG from P. gingivalis. 
Previously we had examined the role of P. gingivalis uvrB gene in the repair of oxidative 
stress-induced DNA damage. UvrB is a significant part of an important complex of 
proteins that function via NER in the repair of UV irradiation-induced DNA damage or 
bulky lesions sometimes induced by ROS (5,22,65). We concluded that uvrB was not 
involved in oxidative stress resistance or the removal of 8-oxoG in P. gingivalis. Instead, 
a still undescribed mechanism(s) might be involved in this process. Additionally, in 
studies using oligonucleotides bound to Streptavidin magnetic beads and Mass 
Spectrometry, several proteins were identified that specifically interacted with the 8-
oxoG lesion. One of these proteins (PG1037) was encoded by a gene whose 
transcriptional unit was up regulated during exposure to H2O2 for 10 mins (24).  
 To date, little is known about the mechanism(s) of oxidative stress resistance in P. 
gingivalis. In this study we are seeking to understand the possible mechanism(s) the 
organism uses to repair oxidative stress-induced DNA damage involving 8-oxoG. The 
data generated suggests that a complex binds to 8-oxoG. Whether this complex is a 
precursor to the removal of 8-oxoG is still unclear. Because the flanking regions of 
pg1037, uvrA and prcA, were highly up regulated in preliminary microarray analysis 
data, we investigated whether these genes worked in tandem or independently to remove 
8-oxoG lesions or if they had any involvement in oxidative stress resistance.  
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In other organisms such as Haemophilus influenza (33), Streptococcus mutans (23) and 
Plasmodium falciparum (43,51) the inactivation  of uvrA and prcA genes resulted in 
mutants that were extremely sensitive to UV irradiation. A similar result was seen in the 
P. gingivalis uvrA-defective mutants (FLL145) and P. gingivalis prcA-defective mutants 
(FLL146). These mutants were also sensitive to oxidative stress compared to the wild-
type which suggests that these genes are not only involved in repair to DNA damage 
caused by UV irradiation but that they are also involved in oxidative stress resistance. 
This triggered our interest as we had previously reported that the uvrB-defective mutant 
in P. gingivalis showed similar sensitivity to UV irradiation but had no involvement in 
oxidative stress resistance in P. gingivalis. This suggests that a novel undefined 
mechanism is involved in oxidative stress resistance in P. gingivalis and that there is 
some similarity in the removal of bulky adducts across a wide range of species. Exactly 
how these genes in P. gingivalis interact to remove these lesions is still unknown.  
Protection against oxidative damage may also utilize another unique mechanism in P. 
gingivalis. Cell surface heme acquisition has been postulated to be a defense mechanism 
against ROS in P. gingivalis (57,58). The storage of the heme on the cell surface which 
gives the organism its characteristic black pigmentation, can form µ-oxo dimers in the 
presence of ROS and can give rise to the catalytic degradation of H2O2 (57).  An 
important component of the heme acquisition system in P. gingivalis involves the 
gingipains (19,36).   Recent reports suggest that gingipains Kgp and RgpA are the major 
proteases involved in hemin   acquisition, binding, and accumulation in P. gingivalis 
(10,12,36,45). In previous studies a non-pigmented isogenic mutant of P. gingivalis was 
examined. This mutant, P. gingivalis FLL92, a non-pigmented vimA defective mutant 
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showed reduced cell associated gingipain activity (1) and was more sensitive than the 
wild-type strain exposed to H2O2. While our mutants were all black-pigmented, we 
observed that there were differences in proteolytic activities between the wild-type P. 
gingivalis W83 and P. gingivalis FLL145 (uvrA-defective), P. gingivalis FLL146 (prcA-
defective), P. gingivalis FLL147 (uvrA-defective, with ermF cassette containing a 
terminator) and P. gingivalis FLL148 (uvrA-defective, with ermF cassette inserted in 
opposite orientation), with the mutants having reduction in proteolytic activities. This 
data suggests that the uvrA-pg1037-prcA operon shows some involvement in the 
regulation of gingipain activity and might somehow confer protection to the organism 
when exposed to oxidatively stressed environments.  
Repair of oxidative stress-induced DNA damage was similar in the wild-type P. 
gingivalis W83 and P. gingivalis FLL145, FLL146, FLL147 and FLL148 mutants but we 
cannot rule out the possibility that this was so because the pg1037 gene was still intact in 
all these mutants. Numerous attempts were made to inactivate this gene without success. 
It was also noted that in the P. gingivalis FLL147 and FLL148 mutants, the pg1037 gene 
product was still expressed while the expression of the uvrA and prcA gene product was 
affected. We believe that pg1037 is differentially expressed and that it is an essential 
gene in oxidative stress resistance in P. gingivalis.  
Bioinformatic and In silico analysis revealed that PG1037 protein could have 
significant involvement in protein-protein interaction due to the presence of a Zinc Finger 
– SWIM motif. This hypothesis was supported by the observation that protein partners 
with the recombinant PG1037 had zinc ion binding, DNA binding and oxidoreductase 
activity. We did not see any interaction with either the uvrA or prcA proteins which 
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suggests that pg1037 might not directly be involved in the removal of 8-oxoG but by 
some unknown mechanism, it is able to confer protection or resistance to DNA in an 
oxidatively stressed environment. This observation was further supported by the fact that 
PG1037 had two peroxidase motifs (peroxidase motif – 1 and peroxdase motif – 2) that in 
conjunction with the Zinc Finger – SWIM motif may first bind DNA then catalyze the 
oxidation of some organic substrates to improve resistance to oxidative stress by 
participating in the detoxification of hydrogen peroxide. There is still a gap in 
understanding how this is accomplished but examples have been seen in Arabidopsis 
thaliana where Oxidation-related Zinc fingers have been shown to be involved in 
oxidative stress (28).  To our knowledge this is the first time that the implication of 
peroxide motifs in oxidative stress resistance has been reported in P. gingivalis.  
In conclusion, we have evaluated the uvrA-pg1037-prcA operon for its involvement in 
oxidative stress. We believe that the genes in this operon confer protection to DNA when 
exposed to an oxidatively stressed environment. We see no evidence to support that this 
operon has any involvement in the removal of 8-oxoG but it is clear that a complex is 
formed when this deleterious product is present. We cannot rule out the possibility that 
the interaction with uvrA or prcA was not observed because the damaged base was not 
part of the experimental design, and further studies are needed to test this hypothesis and 
also elucidate the roles of these proteins and how they interact to combat oxidative stress 
caused by reactive oxygen species. 
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CHAPTER FOUR 
FINAL DISCUSSION 
 
 In the inflammatory environment microenvironment of the mouth, reactive 
oxygen species (ROS) which are mostly produced by polymorphonuclear leukocytes and 
macrophages (6), constitute an important component (18). An increase in ROS or 
depletion of antioxidant molecules and/or enzymes results in oxidative stress  (27). 
Additionally, the occasional exposure of P. gingivalis to air can give rise to the metabolic 
conversion of atmospheric oxygen to ROS which are highly reactive and can damage 
proteins, lipids, RNA and DNA (5,19). The generation and accumulation of O2*, H2O2 
and hydroxyl radicals (2,6,19) that target DNA, cellular membranes, metalloproteases 
and transcription factors (10,13,14,17,28) can be lethal to the organism.  
 While oxidant-induced DNA damage generates over 20 different oxidatively 
altered bases (7), 8-oxo-7,8-dihydroguanine (8-oxoG) is by far the major product (25). 
Unlike several other modified DNA bases, 8-oxoG does not block replication. Instead, it 
can Watson-Crick base pair with cytosine as well as Hoogsteen base pair with adenine 
(9,30).  The polymerases can efficiently incorporate both cytosine and adenine across 
from 8-oxoG.  Mispairing with adenine often leads to GC-to-TA transversion mutations 
that can be deleterious to the cell (9).  Because the average G + C content of the genome 
of P. gingivalis is 49% (20), a mechanism(s) to prevent or repair lesions resulting from 
guanine oxidation could be significant. This is further underscored by the observations 
that the salivary levels of 8-oxoG and the presence of  P. gingivalis and T. forsythia in 
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periodontitis patients were significantly higher than those in healthy subjects (24). Thus, 
it is crucial that P. gingivalis utilize an arsenal of mechanisms to either prevent or fix 
oxidative damage resulting from ROS in order to survive in this hostile environment.  
 Base excision repair (BER) and nucleotide excision repair (NER) are two known 
DNA repair mechanisms that are conserved in many organisms including eukaryotes. 
Removal of 8-oxoG appears to occur mostly by BER, which in E. coli involves the 
foramidopyrimidine glycosylase (Fpg) enzyme encoded by the mutM gene (3,4,8). NER 
is unique due to its ability to repair a wide spectrum of DNA lesions and the proteins that 
are involved with the recognition of these lesions facilitate the release of the patch of 
DNA including the damaged base (1). These DNA repair mechanisms have been 
described for many organisms, but to date, there is still a gap in our understanding of the 
repair of oxidative-induced DNA damage in P. gingivalis. In this study we have 
conclusively demonstrated that P. gingivalis uses unique methods to survive the constant 
assault of an oxidatively stressed environment.  
 In the first report to describe oxidative DNA damage in an anaerobe, Prevotella 
melaninogenica was shown to be highly sensitive to O2 or H2O2 exposure (29). Under 
these conditions, the elevated 8-oxoG detected in that strain correlated with its decreased 
survival which suggested that oxidative DNA damage is an important cause of oxygen 
intolerance in P.  melaninogenica. Some time later, studies not only identified the 
presence of 8-oxoG under oxidative stress conditions in P. gingivalis, but it was also 
observed that there were higher levels of 8-oxoG in P. gingivalis FLL92, a nonpigmented 
isogenic mutant, than the wild type strain (15). In the same studies, enzymatic removal of 
8-oxoG was catalyzed by a mechanism that did not include BER as observed in E. coli. 
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Compared to the parent strain, 8-oxoG repair activity was also increased in P. gingivalis 
FLL92. Also, in comparison with other anaerobic periodontal pathogens, only P. 
gingivalis demonstrated a different pattern for the enzymatic removal of 8-oxoG as 
observed in E. coli.  Because DNA cleavage occurred several bases away from the 8-
oxoG lesion, this raised the possibility of a NER-like repair mechanism which is also 
known to repair similar lesions (15). 
 NER is a universal DNA repair mechanism found in all kingdoms of life (1,31). It 
is different from all the other forms of DNA repair in its ability to act on a wide variety of 
substrates (1). NER was one of the first repair mechanisms discovered in bacteria (27) 
and is mediated by the products if the following genes: uvrABC, uvrD, polA and lig 
(1,23). Essentially, damaged DNA is recognized, cleaved 3’ and 5’ to the DNA lesion, 
and repaired in a multistep process that requires ATP (1,23). In this study we examined 
the role of the P. gingivalis uvrB gene in the repair of oxidative stress-induced DNA 
damage since UvrB is a significant part of an important complex of proteins that function 
via NER in the repair of UV irradiation-induced DNA damage or bulky lesions 
sometimes induced by ROS (1,11,33). Similar to other organisms (22,32), uvrB in P. 
gingivalis appears to play the expected role as the uvrB-defective mutant was more 
sensitive to UV irradiation compared to the wild-type strain.   There was, however, no 
difference in the sensitivity to oxidative stress in the uvrB-defective mutant (FLL144) 
compared to the wild-type, suggesting that UvrB is not involved in oxidative stress 
resistance in P. gingivalis. Additionally, repair of oxidative stress-induced DNA damage 
was similar for both the wild-type and P. gingivalis FLL144, the uvrB-defective mutant.  
This further correlated with their similarity in sensitivity to hydrogen peroxide. Taken 
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together, this indicated that the uvrB–dependent NER system is not used in P. gingivalis 
to remove 8-oxoG.  
 Based on the data generated we concluded that the method employed by P. 
gingivalis to remove 8-oxoG lesions was unique to this organism. Upon examining the 
proteins that specifically bound to the oligonucleotide carrying the 8-oxoG lesion, a 
unique protein complex was identified that contained proteins that not only had binding 
and transferase activity but were also involved in DNA replication, recombination and 
repair. Of specific interest is the novel hypothetical protein PG1037 which is part of the 
uvrA-pg1037-prcA operon. Preliminary microarray analysis has also demonstrated that 
this operon is upregulated in P. gingivalis exposed to hydrogen peroxide-induced 
oxidative stress. 
 Further investigation into the properties of this operon revealed P. gingivalis 
uvrA-defective mutants (FLL145) and P. gingivalis prcA-defective mutants (FLL146) 
were extremely sensitive to UV irradiation and oxidative stress, and that they had an 
effect on the regulation of gingipain activity. Repair of oxidative stress-induced DNA 
damage was similar in the wild-type P. gingivalis W83 and P. gingivalis mutants but we 
cannot rule out the possibility that this was so because the pg1037 gene was still intact in 
all these mutants. Data generated from RT-PCR analysis compounded with the fact that 
attempts to inactivate this gene were unsuccessful led us to conclude that pg1037 is 
differentially expressed and that it is an essential gene that could play a role in oxidative 
stress resistance in P. gingivalis. It appears that a novel undefined mechanism is involved 
in oxidative stress resistance in P. gingivalis and that there is some similarity in the 
removal of bulky adducts across a wide range of species (12,16,21,26). However, the 
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mechanism of removal of 8-oxoG lesions in P. gingivalis exposed to an oxidatively 
stressed environment still remains undefined.  
 Protein partners that interacted with the recombinant PG1037 had zinc ion 
binding, DNA binding and oxidoreductase activity but no interactions with either uvrA or 
prcA. This could suggest that pg1037 might not directly be involved in the removal of 8-
oxoG but by some unknown mechanism, it is able to confer protection or resistance to 
DNA in an oxidatively stressed environment. It is likely that PG1037, as part of a protein 
complex, may detoxify the ROS in the microenvironment surrounding the DNA. We are 
not able to rule out the possibility that the interaction with uvrA or prcA was not 
observed because the damaged base was not part of the experimental design. This is 
under investigation in our laboratory.  
 In conclusion, we have evaluated a P. gingivalis uvrB-defective mutant for its 
response to oxidative stress and its ability to repair one of the more common lesions, 8-
oxoG, induced under those conditions. While DNA repair is one of the most highly 
conserved biological processes, it is likely that a novel mechanism may be utilized for the 
repair of 8-oxoG in P. gingivalis.  Further studies are needed to delineate a role for the 8-
oxoG lesion-specific binding proteins in DNA repair in P. gingivalis. We have provided 
evidence that a protein complex is associated with 8-oxoG lesions in P. gingivalis. In 
addition, it is likely that at least one interacting protein partner may confer protection to 
the DNA in an oxidatively stressed environment. There is no evidence to suggest that this 
operon has any involvement in the removal of 8-oxoG but there may still be other players 
in the protein-protein complex that might be involved in this process. This is currently 
under investigation in our lab.  
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 Collectively, our studies on mechanisms of oxidative stress resistance in P. 
gingivalis have allowed us to propose a model for the protection of DNA in an 
oxidatively stressed environment. To our knowledge, this is the first comprehensive study 
that has demonstrated that the mechanism to remove 8-oxoG in P. gingivalis is far more 
complex than in other anaerobic bacteria, and to date, this is the first study to report that 
uvrA-PG1037-prcA operon plays a significant role in oxidative stress resistance in P. 
gingivalis.  It is certainly possible that P. gingivalis may employ different aspects of well 
known DNA damage and repair mechanisms to accomplish this feat, or alternatively, it 
may use a totally different mechanism altogether. Additionally, we can envision a 
scenario where in an oxidatively stressed environment, P. gingivalis has the ability to up-
regulate or down-regulate proteins which can confer protection to its DNA until the 
oxidative insult has passed. It is likely that a complex is involved in the protection of 
DNA and we believe that with further investigation, the mechanism involved in the 
removal of 8-oxoG lesions in P. gingivalis will be more fully developed. 
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